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SYNOPSIS 
Compared with metals, polymer materials have Iow strenth and stiffness. However, 
molecular orientation can enhance many mechanical properties of polymer materials in 
the direction of orientation. Studies on solid state polymer extrusion (Le. extrusion 
carried out at temperatures below the melting point of the polymer) through convergent 
dies show that it is possible to produce extrudates exhibiting a high degree of 
monoaxial orientation in the extrusion direction. Although the strength of these 
extrudates has been greatly enhanced in the orientation direction, the strength decreases 
in the transverse direction to the axial orientation. 
Biaxially oriented polymer materials, on the other hand, show increased mechanical 
properties in more than one direction. But so far, extrusion processes that confer 
orientation in more than one direction have not received much attention. 
The present work is concerned with the development of biaxial orientation in thick 
thermoplastics extrudates by extrusion through dies exhibiting simultaneously 
converging and diverging walls perpendicular to each other and with a cross-section 
area at the die entry being the same as at the exit. Four die designs are examined, 
known respectively as the dual-taper die, the expansion fish-tail die, the constant 
fish-tail die and the cross die, using polytetrafluoroethylene and ultra-high molecular 
weight polyethylene. 
Measurements of birefringence and tensile strength on sections of the extrudates have 
shown that a preferential orientation along the transverse direction is normally achieved 
with the fish-tail dies and the dual-taper die, while the extrudates obtained with the 
cross die were found to exhibit a cross-ply orientation pattern with a bias in the 
extrusion direction for outerlayers and a preferential orientation in the transverse 
direction for the middle layers. 
The mechanics of the processes has been analysed by a plasticity approach for solid 
state extrusion, and by using variable wall boundaries for the melt extrusion analysis. 
The extrusion pressure predicted by the analysis compares very well with the values 
measured experimentally. 
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CHAPTER 1 INTRODUCTION 
1.1 STRUcruRE AND PROPERTY OF ORIENTED POLYMERS 
Polymer materials have undergone rapid development and have acquired 
widespread applications in many areaS in recent decades because they are 
relatively cheap, and easily processed. However, compared with metals, the 
low stiffness and strength of polymer materials prevent them from being 
widely used as load-bearing engineering materials. The production of high 
modulus polymers, therefore, has aroused considerable interest in the 
engineering industry. 
Polymeric materials are composed of long chain-like molecules, and their 
properties can be affected not only by the nature of molecular chains, but 
also by the arrangement and interaction of the chains. 
In amorphous polymers, molecular chains are randomly coiled or kinked 
and entangled as shown in Fig.1.la, which show no structural order, and 
therefore this kind of polymer has a homogeneous structure which makes 
it transparent and isotropic. The crystalline state differs from the 
amorphous state in the regular arrangement of the constituent molecular 
chains. 
As illustrated in Fig.1.lb, in partially crystalline polymers, regular linear 
polymer chains can cluster together in local axial alignement to form 
crystallites,. and these randomly oriented crystallites are dispersed in a 
matrix of amorphous material of the same polymeric type. The crystalline 
aggregates are large enough to scatter light, so these polymers are usually 
translucent or opaque. The picture of highly crystalline polymers is quite 
different from that of partially crystalline polymers. It is believed that in 
highly crystalline polymers, thin plates, or so called "lamellae", are formed 
1 
a. a.mo~hous polymers 
b. structure ot crystallltes in amorphous matrix 
c. folded-chain lamellae and structure of spherulites 
Fig. 1.1 Schematic Representation of Polymer Molecules 
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with molecules ordered through the thickness by chain folding. The 
surfaces of these lamellae are imperfect and therefore provide nucleation 
sites for the crystallisation of polymer chains in other layers. The lamellae 
have a tendency to acquire polymer molecules from the surrounding 
amorphous matrix, leaving very entangled molecules and foreign 
materials behind. During the growing process of the lamellae, their ends 
tend to twist somewhat and spread to reach more crystallizable material. As 
a result, the bundles of ribbon-like lamellae have a spherical growth front, 
and are usually called "spherulites" (Fig.1.1c). A spherulite contains both 
ordered and amorphous materials. 
The close packing of polymer molecular chains in crystalline regions 
increases the density, stiffness and strength of the material. Because of the 
stiffening effect of the spherulites, the modulus of highly crystalline 
polyethylene for instance can reach to value of 1 GN /m2 in spite of the 
inherent flexibility of the polyethylene molecule. 
Crystalizable polymers used in engineering applications are polycrystalline, 
i.e., are made up of a multitude of imperfect crystalline regions, each one 
bordering with other crystalline or amorphous regions. The greater the 
proportion of crystalline domains, the higher the modulus, and the higher 
the melting point. 
No matter whether it is amorphous or partially crystalline, a solid polymer 
material made in a stress free state is isotropic. In the latter case, the 
anisotropy of individual crystals is lost as they are randomized in their 
spacial arrangement. But when a polymer is stretched in the glassy/rubbery 
state or in the rubbery state, molecular chains or crystallites can become 
ordered and aligned in the stretch direction, acquiring a permanent 
molecular orientation. Theoretically, fully aligned long chain polymer 
materials would exhibit mechanical properties comparable to those of 
metals [1-3], while the tensile modulus of commonly processed polymer 
3 
products is usually 1-2 orders of magnitude lower than those of metals. 
Therefore, one of the methods that can be used to enhance the mechanical 
properties of polymer materials is to introduce a high degree of molecular 
chain orientation in one or two directions. 
It is well known that monoaxial orientation in polymeric material gives 
rise to anisotropic products by aligning polymer chains into one particular 
direction only. Monoaxial orientation, however, confers enhanced stiffness 
and strength in the stretch direction at the expense of a deterioration of 
properties in perpendicular direction. This situation arises because, in the 
orientation direction, the applied loads are carried largely by the strong 
covalent bonds of the polymer chains, while in the direction perpendicular 
to the orientation, the loads are carried primarily by the weak Van der 
waal's bonds. 
Biaxial orientation is obtained when stretching a polymer material in two 
directions at right angles to each other: The molecular chains in a biaxially 
oriented material tend to line up in planes parallel to the stretching plane, 
but in this plane, the molecular chains may occupy random positions, in a 
stretched state (Fig.1.2). A stress applied in any direction in the orientation 
plane will be carried largely along the covalent C-C bonds of the molecular 
chains. Biaxially oriented polymer materials have the same properties in 
any direction in the plane of orientation, if the orientation is banlanced [4]. 
Therefore biaxially oriented materials are very useful in many practical 
applications where loads may be applied on the material from any 
direction or in more than one direction simultaneously. 
In this respect biaxial orientation o,\!,ercomes the deficiencies of 
monoaxially oriented materials, while maintaining to a large extent the 
advantages of oriented chains [5-10]. 
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Fig.1.2 Schematic Diagram of BiaXially Oriented Polymers 
1.2 ORIENTATION OF POLYMERS BY SOUD STATE EXTRUSION 
PROCESSING 
In oriented polymer products the alignment of molecular chains can be 
achieved by large scale deformations of the polymer in the following 
physical states: 
a} rubbery state followed by rapid cooling, 
b} solvent-swollen (gel) state followed by rapid dissolution, and 
c} plastic-state (also known as solid-state). 
Rubbery state processing is widely used in industry for the production of 
both monoaxiallyor biaxially oriented products, whereas both gel-state and 
solid-state processing are newly emerging techniques aiming primarily to 
produce high modulus filamentary products. These processes have been 
discussed by a number of authors [11-13]. 
Through the achievement of large scale plastic deformation, solid state 
processing can produce a high degree of chain orientation by pulling out 
molecular chain from the crystals and realign them along those previously 
5 
residing between crystal lamellae [14]. 
Three processes for inducing orientation by solid state deformation have 
been widely studied: cold-drawing, ram extrusion and hydrostatic 
extrusion. In these processes, the molecules of the solid state polymers, i.e. 
at temperatures below the crystalline melting points, are subjected to high 
strain plastic deformations which result in a high degree molecular 
orientation. 
In the work of Southern and Porter [15], and Cappaccio and Ward [16], the 
modulus of cold-drawn HDPE has reached a value which is a decade higher 
than that of bulk HDPE and, therefore, to a level similar to that of 
alurninurn and glass fibers. In cold extrusion, a polymer billet is forced by a 
ram (ram extrusion) or by pressurised fluid surrounding the billet 
(hydrostatic extrusion) through a die to achieve the deformation and shape 
required. Extensive work has been carried out on cold extrusion of various 
polymers, including: polyethylene [15, 17-29], polypropylene [17, 25, 26, 3D, 
31], nylon 6 [26, 3D, 32, 33], nylon 66 [22, 25], polyoxymethylene [34], 
polyphenyleneoxide [25], polytetrafluoroethylene [25], polyvinyl chloride 
[25] and polymethylmethacrylate [35]. 
More recently Brady and Thomas [17] have reported a process for the 
further enhancement of the modulus of filamentary products by solid-state 
extrusion of single crystal mats of polymer crystallised from very dilute 
solutions. 
Solid-state processing of continuous products, such as filaments, rods and 
profiles is conveniently carried out by extrusion, drawing or a 
simultaneous combination of both types of deformations. Gibson et al [27] 
have indicated that the latter aspect is particularly attractive as it makes it 
possible to achieve higher extrusion speeds. 
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Studies on the biaxial orientation of polymers by solid-state extrusion have 
been reported in relation to the production of films by Zachariades et al [37, 
38] who adopted a die-geometry capable of imposing curvilinear flow 
conditions through a combination of perpendicular compressive and 
rotational forces. 
Selwood et al [39], on the other hand, have obtained biaxial orientation in 
tubular products by a solid state process through a combination of axial 
drawing and hoop direction expansion. Pan and Tang et al [40-42] have 
produced biaxially oriented polymeric sheets by hydrostatic solid state 
extrusion. In the process a thickwaIled cylider material is expanded into a 
thiner tuber with a larger diameter by being forced through a die. Th~ tube 
is then slit and flattened to form sheets. 
Cessna [43] proposed a method to align short fibres in the hoop direction of 
tubular products by melt extrusion through rotation of the outer "body" or 
the inner "mandrel" of the die, and also by allowing the two sections of the 
die to counter-rotate in order to create the required planar shear field. 
The concept of orientation in polymer products, however, is applicable also 
to systems containing short fibres. Processing of these materials is carried 
out in the melt state where the polymer matrix is essentially in a relaxed 
isotropic state and the fibres are aligned in a preferential direction. 
In so doing the mechanical properties of the product are improved by 
producing more favourable conditions for the transfer of stresses on to the 
fibres, which are intrinsically stiffer and stronger than the surrounding 
polymer matrix. Since 'heavily filled' polymer melts exhibit a plug-flow 
behaviour, in principle there is no difference in the geometrical 
requirements for the die to produce the desired molecular orientation in 
"unfilled" polymers by solid-state extrusion and fibre orientation by melt 
extrusion for short-fibre composites. 
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1.3 AIMS OF THE INVESTIGATION 
In the present study the possibility is explored of inducing biaxial 
molecular orientation in thick sections by solid state extrusion through 
simultaneously converging and diverging channels, referred to as C-D dies 
[44-481. 
In many practical applications, biaxially oriented thick products can be very 
useful owing to the increased strengths in both axial and lateral directions. 
For instance the thick profiles such as those shown in Fig.1.3 require high 
strength and stiffness in two directions. 
Fig.l.3 Some Types of Widely Used Profiles 
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In conventional extrusion processes carried out in melt state, the 
converging flow within the die may be considered as having two 
components, i.e., an extensional flow superposed on a shearing flow, as 
shown in Fig.1.4. 
x 
.. 
a). velocity profile due to shear flow; 
shear rate dv/dy increases along the flow direction 
x 
-->>---a ~~-~);-----
b). velocity in the mid plane increases along flow direction; 
creating an elongational flow situation with strain rate equal to dv/dx 
Fig.l.4 Melt State Extrusion Through A Convergent Die 
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The relationship between the two components is mainly determined by the 
convergence angle ex. • When the angle is narrow «lOO), shear is the 
dominant flow, while at about 450 covergence the extensional and shear 
components are approximately equal (49). Larger converging angles impose 
even greater acceleration in the converging section of the die, thereby, 
unfolding molecular chains at a faster rate so that a high degree of 
orientation of the melt is observed during flow [50). In most melt state 
extrusion operations because the converging angle is quite low, the extent 
of elongation flow is normally insignificant. Moreover because of the 
relaxation behaviour of polymer melts, the orientation formed when 
passing through the die tends to relax before the polymer is being frozen in 
the cooling stage after emerging from the die. Although it may be 
conceivable to freeze a considerable amount of orientation by using highly 
converging dies, in practice such a melt extrusion process is likely to be 
damned by the occurence of 'melt fracture' [50]. 
In solid state extrusion, the situation is quite different from that of melt 
state extrusion, in so far as the material deforms plastically and slides at the 
metal interface hence reducing drammatically the deformation gradients. 
The relaxation processes destroying molecular orientation are negligible as 
compared with those in the melt or liquid state [51]. Therefore, orientation 
of macromolecules will be more effective if processing is undertaken in the 
solid state rather than in the liquid or melt state [52]. 
A comparison is shown in Fig.1.5 of a typical convergent die for the 
production of monoaxially oriented square-section solid extrudate and that 
of a hypothetical convergent-divergent die for the production of a biaxially 
oriented rectangular-section solid extrudate. 
In Fig.1.5a is illustrated how a small cubic element becomes elongated 
along the flow path by equal maximum shear stresses resulting from 
perpendicular compressive stresses, i.e. ( O"x - O"y) = (O"x - O"z) for the case of an 
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axially symmetrical convergent die. Fig.1.5b shows, on the other hand, 
how a similar cubic element is stretched unequally along the two 
perpendicular directions when subjected simultaneously to convergent 
and divergent deformations. This results from the inequality of the 
maximum shear stresses on the unshaded surface of the cube, i.e. (crx - cry) > 
For an axially symmetrical convergent die the deformations are uniform 
longitudinally, producing an extension ratio equal to the area reduction 
ratio, assuming that the material is incompressible. 
For the case of an orthogonally symmetrical convergent-divergent die 
there are several deformation possibilities, ranging from monoaxial 
stretching in the transverse direction to a balanced biaxial extension in the 
extrusion plane. For the simple case of non-acceleratory dies, i.e. when the 
cross-section area at the entry is the same as at the exit, the deformations 
are synonymous with those of a state of pure shear. In other words the 
longitudinal extension ratio (AL) is equal to 1 and the thickness reduction 
ratio (AB) is equal to the reciprocal of the width expansion ratio (AW)' 
If, on the other hand, the cross-section area is allowed to increase by a factor 
equal to the thickness reduction ratio there will be a monoaxial extension 
in the width (transverse) direction. From geometry considerations it can be 
further predicted that a state of balanced biaxial extension between the 
longitudinal and transverse direction should be achieved by allowing the 
cross-section area to decrease by a factor equal to the longitudinal extension 
ratio. 
Hence in this work the hypothsis is being tested that, by extruding 
polymers in the solid state through pure shear deformation 
convergent-divergent dies, biaxial oriented extrudate can be produced. A 
12 
particular concern of this study is the development of biaxial orientation in 
thick extrudates which could find applications for the production of 
structural profiles. 
In the present study, the mechanics of the simultaneously 
converging-diverging flow is considered for solid state extrusion using a 
plasticity analysis for polytetrafluoropolyethylene (PTFE) and ultra high 
molecular weight polyethylene (UHMWPE). 
Also the relationship between orientation and mechanical properties for 
biaxial orientation by pure shear deformations are studied. 
13 
CHAPTER 2 LITERATURE SURVEY 
, 2.1 ORIENTATION-PROPERTY RELATIONSHIPS 
The theoretical modulus of a polymer chain can reach a similar value as 
that of metals. But in polymer materials the chains fold in a series of 
folded-back chains and take a randomly entangled and twisted 
configuration which has a low load-bearing capacity [53j. Therefore a highly 
oriented and extended chain configuration can greatly modify the 
mechanical properties of polymer materials. 
It has been long found that the tensile strength of polymers increases in the 
direction parallel to the uniaxial orientation, but the strength decreases in 
the direction perpendicular to the orientation [54-58j. Fig.2.1 shows the 
relationship between tensile strength of uniaxially oriented films of 
poly(ethylene terephthalate) and the angle ~ between the direction of 
orientation and the direction of applied force [59j. It can be seen that the 
strength in the direction of orientation is greater than six times the strength 
perpendicular to the direction of orientation. 
The yield stress and Young's modulus follow the same trend as the 
ultimate tensile strength, but the extent of change is often not as large as in 
the case of the tensile strength [4j. It is interesting to note that while 
uniaxial orientation increases the yield strength and tensile strength in the 
orientation direction, the compressive yield strength in the direction of 
orientation decreases as the amount of orientation increases [2, 60j. This is 
because polymer chains can carry high tensile loads, but they tend to buckle 
u~der compressive loads. While orientation can make a brittle polymer 
material become ductile along the orientation direction, the polymer 
remains brittle and exhibit a lower strength and enlongation in the 
perpendicular direction. For ductile polymers the yield strength is 
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Fig.2.1 Tensile strength of Monoaxially Orient.ed Films as a 
function of the Angle fJ Between the Orientation 
Direction and the Applied Force 
higher in the orientation direction, but the elongation to break may be less 
than that in the perpendicular direction. The high transverse elongation is 
associated with the "deorientation" of the previously oriented chains, and 
their "reorientation" along the direction of applied force. Brittle materials 
break before the reorientation process takes place [4]. 
Orientation increases the impact strength in the direction parallel to the 
orientation, but it decreases if the impacting force acts perpendicular to the 
orientation. Therefore, uniaxial orientation is usually not desired in 
practical conditions since impact loads tend to produce multiaxial stresses. 
Solid state deformation processes have been widely used to achieve 
polymers of high strength and stiffness [53, 61]. The modulus of cold-drawn 
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polymer materials has been found can reach a value which is a decade 
higher than that of the bulk materials [15,16]. 
Meinel et al [62] produced polyethylene fibers of draw ratio 20 and with 
modulus 27 GPa. Takayanagi [63] obtained polyethylene fibers with 
modulus 35 GPa by drawing melt extruded films. Capaccio and Ward [12, 
64, 65] reported that highly drawn samples with moduli up to 70 GPa has 
been obtained, which is 25 to 30% of the estimated limiting modulus value. 
By solid state extrusion, linear polyethylene extrudates with moduli in the 
range of 30 to 70 GPa has been reported [21, 24]. In the work of Gibson et al 
[27, 66], HDPE was extruded at 1000C, and the extrudates had a tensile 
modulus of about 46 GPa. 
Biaxial orientation eliminates many of the undesirable properties of 
monoaxially oriented materials, while maintaining to a large extent the 
desirable properties [5-10]. Biaxial orientation increases the modulus and 
the tensile strength of polymer materials. Up to moderate degrees of biaxial 
orientation, the elongation to break also tends to increase (especially for 
brittle polymers), but at very high degrees of orietation the elongation to 
break may decrease. Biaxial orientation can also prevent or greately reduce 
the susceptibility of polymers to crazing when compared to unoriented or 
monoaxially oriented materials [6,8, 9,67, 68]. 
In the work of Kyu et al [51], a comparison of solid state uniaxially stretched 
ultrahigh molecular weight polyethylene film with biaxially oriented film 
was carried out, and significant improvement in the lateral strength was 
observed in the biaxially stretched films. For instance, unstretched film has 
a modulus of 1.1 GPa, while the film stretched uniaxially to a draw ratio of 
6:1 shows a modulus of 4.2 GPa. The biaxially stretched film (5:1 in both 
directions) exhibits moduli of 3.9, 4.4 and 4.34 GPa, measured at 00, 450 and 
900 respectively from the machine direction. 
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Cakmak et al [69] also found that biaxial orientation improved modulus, 
yield strength and tensile strength of solid state stretched Poly(ethylene2, 
6naphthalate) (PEN) films, but the elongation to break was found to 
decrease. In the work carried out by Choi et al [70], where polystyrene films 
were biaxially stretched up to ratios 7.2x7.2, the authors found that the 
sensitivity of the mechanical properties to change due to development of 
orientation varied as follows: yield strength < Young's modolus < tensile 
strength < elongation to break. 
2.2 THERMAL ANALYSIS OF ORIENTED POLYMERS 
There are a few reports on the thermal analysis of solide state polymer 
extrudates. Mead et al [71] carried out studies of the melting point and the 
crystalline weight fraction, xc' by using differential scanning calorimetry 
(DSC) for HDPE fibres extruded over a range of extrusion conditions 
through conical dies. They found that the melting point of the extrudates 
increases with the extrusion drawn ratio, [Le. EDR=(Dentry/Dexit)2, where D 
is the diameter of die] in the lower EDR range, and then flatens out as 
shown in Fig.2.2a [71]. The effects of extrusion temperature on the melting 
point can also be seen from this figure. Generally, the melting point is 
found to increase with extrusion temperature, but in Fig.2.2a the melting 
point of extrudates produced at 600C is slightly higher than that of 
extrudates produced at 90oC. The result of the crystalline weight fraction, XC' 
measurements are shown in Figures 2.2b [71]. It is seen that both EDR and 
extrusion temperature increase the crystallinity. Therefore the conclusion 
was drawn that extrusion at lower temperature does not produce the most 
perfect crystal morphology. 
The thermomechanical behaviour of oriented polymers is quite different 
from that of isotropic materials. For uniaxially oriented polymers, the 
thermal expansion coefficients in the direction perpendicular to the 
orientation are positive and similar in magnitude to isotropic material, 
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while in the direction of orientation, highly oriented polymers show 
negative expansion coefficients [72]. The data given by Porter et al [53, 73] for 
HOPE extrudates show that the expansion linear coefficients perpendicular 
to the orientation direction are insensitive to the extrusion draw ratio and 
equal to about 3x10·4 QC-t. The expansion coefficients in the orientation 
direction were found to be positive and decrease with extrusion draw ratio 
in low extrusion draw ratio range, while in the high extrusion draw ratio 
range, the coefficients are negative and the absolute value increase with 
draw ratio. Increasing the extrusion temperature makes the. coefficient 
value change to the positive direction. 
2.3 ORIENTATION MEASUREMENTS 
2.3.1 DEFINITIONS 
In an unoriented polymer material there are as many monomeric chain 
sections pointing in one direction as there are in any other direction. In 
oriented materials there are more chain segments pointing in a given 
direction than in other directions. For example, mono axially oriented 
polymers have more chain segments pointing in the orientation direction 
. ; 
than in the two transverse directions. In principle, therefore the 
orientation in a polymer material can be described by the ratio of the 
number of "additional" chain segments pointing in the orientation 
direction to the total segments of the material. When the ratio is zero, there 
is no orientation, while this ratio becomes equal to 1 for the case of perfect 
orientation. Mascia [74] presented a mathematical description of orientation 
in the following way. 
When unoriented, polymer molecules are in random coiled state, hence 
the vector r, representing the everage length and direction of a polymer 
molecule, forms equal angles with the reference Cartesian coordinates. 
Therefore, the unoriented or isotropic state can be represented by the 
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following equation: 
_2 _2 _2 
X Y z 1 
-:2 = -:2 = -:2 = -3-
r r r 
where x, y and z are the projections of the vector r on each of the three 
Cartesian axes. When subjected to directional stresses, the isotropic 
molecular state will change and the projections on each axis can no longer 
remain the same. If we let: 
_2 
X 2 
-- = cos a. 
_2 
r 
_2 
Y 2 
--=cos /3 
_2 
r 
_2 
z 2 
--=cos y 
_2 
r 
where a., /3, and yare the angles between the vector r and x, y, z axes 
respectively, then the deviations of the square cosines from 1/3 (Le., the 
value characterizing the isotropic state) can be taken as a measure of 
orientation, i.e. 
_2 
X 2 1 
.1(-) = cos 0.--
_2 3 
r 
_2 
Y 2 1 
.1(-) = cos J3 --
_2 3 
r 
_2 
z 2 1 
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We can also define the degree of anisotropy in each plane by means of 
orientation functions, defined as follows: 
_2 _2 
x Y 2 2 f(x/y)=~(-)-~(-)=cos a-cos ~ 
_2 _2 
r r 
_2 _2 
x z 2 2 f(x/z) =M--)-~(-) =cos a-cos 'Y 
_2 _2 
r r 
_2 _2 
Y . z 2 2 
f(y/z) =~(-)-~(-) = cos ~-cos 'Y 
_2 _2 
r r 
where f(x/y), f(x/z) and f(y/z) refer to deviations of the projection of the 
vector i' in the three respective planes indicated. For monoaxial 
orientation, one orientation function is enough to define the magnitude 
and direction of the orientation, i.e. 
• f = 
2 3cos a-I 
2 
When f*=O, there is no orientation, while the condition for which f* equal 
to 1 represents the maximum monoaxial orientation obtainable. For biaxial 
orientation, the orientation functions become: 
f(x/y) = 2cos2a-l 
f(x/z) = cos2a 
f(y/z) = 1 - cos2a 
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2.3.2 MEASUREMENT METHODS 
In practical situation, it is seldom to measure orientation according the 
above definition. Instead, methods that seeks to relate orientation with 
properties of polymer materials are more widely used. Among these 
properties, optical and mechanical properties of polymer materials can 
readily reflect the anisotropy of oriented structure. The commonly used 
techniques for measuring orientation are: optical firefrigence, infrared 
dichroism and x-ray diffraction. Characteristics such as thermal retraction, 
scattering of polarized light, magnetic susceptibility, anisotropy of swelling, 
anisotropy of the dielectric constant, scattering of x-rays at small angles and 
the velocity of sound propagation, can also be used as a measure of 
orientation. As a rough estimation, the extension ratio, i.e., the ratio of 
final to initial length of the sample, is often used in practice, especially in 
the design of equipment to produce orientation in polymers. 
I) .. BirefringeEc:~iTechniques 
The refractive indices, nx, ny, nz, mesured along three mutually 
perpendicular axes in a material, are the measures of the optical properties 
of the material in the corresponding directions. The optical properties of a 
material are determined by the structure of the material. When these three 
indices are equal, the material is optically isotropic, while optically 
anisotropic materials will show differences between refractive indices. 
Birefrigence is thus defined as the difference between the refractive indices 
in any two perpendicalar directions. All polymer crystals are birefrigent. 
Amorphous polymers consist of chains of anisotropic monomer units, but 
the directions of the optical axes of the repeating units are random, as a 
result, amorphous polymers do not display birefrigence. Oriented 
polymers, on the other hand, are birefrigent, this is because the optical axes 
of the repeating units of oriented polymers have a preferred direction. In 
uniaxially oriented system, the birefrigence !J. between the direction parallel 
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to orientation and the perpendicular direction can be expressed as 
where nil is the refractive index parallel to the axis of orientation and n.L is 
the refractive index perpendicular to the axis. The more perfect the 
orientation, the greater the birefrigence will be. In the case of biaxial 
orientation, i.e. orientation parallel to the x-y plane, two birefrigence values 
measured in the planes normal to x and y axes are required to describe the 
orientation, Le. 
where ~x and ~y are the birefrigences in the planes normal to x and y axes 
respectively. For balanced biaxial orientation, the two birefrigences will be 
equal, i.e. 
11). Infrared Dichroism Method 
Infrared spectroscopy is a very useful tool for measuring orientation in 
polymer materials [75-78]. It can determine molecular orientation in both 
the crystalline and amorphous phases from selected absorption bands. 
Infrared spectra reflect three important parameters [79]: 
1). the relative number of chain elements in crystalline and amorphous 
conformation separately; 
2). molecular chain orientation; 
3). the conformation of chain molecules in the amorphous component. 
When a beam of light strikes an atomic group in a polymer, it will be 
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absorbed or not absorbed depending on the striking direction. When the 
direction of vibration of the electric vector of the light is perpendicular to 
the direction of vibration of the group (Le. the vector direction of the 
changing dipole moment of the group), the light is practically not absorbed, 
while the light is strongly absorbed when its direction of vibration is in the 
same direction as the vibration of the group. So when polarized infrared 
radiation is used to investigate oriented polymers, the intensity of 
absorption band will vary greatly according to the direction of the electric 
vector of the incident light relative to the axis of orientation. The dichroic 
ratio R, defined as 
R= 
can therefore characterize the effect of orientation on an absorption band. 
An and A1. are the optical densities parallel and perpendicular to the 
direction of orientation, and can be calculated by the following equations: 
1° 
A = In(--) ~ I 
~ 
where 10 is the intensity of the incident light, In and 11. the intensities of the 
light trasmitted by the specimen parallel and perpendicular to the direction 
of orientation. 
The orientation function f can be defined from the dichroic ratio as a 
measure of orientation, i.e. 
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f= 
(R-l) (R°+2) 
(R°-l)(R+2) 
where RO is given by RO=2cot2<1>, and <I> is the angle between the dipole 
transition moment of the molecular vibration and the polymer chain 
direction. The orientation function f from above equation can be expressed 
in terms of cos29 and reduces to the same form as that discussed earlier, Le. 
f= 
2 3<cos 9>-1 
2 
where <cos29> represents the average value of cos29, and 9 is the angle 
between the draw direction and the chain axis. Hence, if one knows the 
direction of the dipole transition moment with respect to the chain axis, 
the average orientation of the chain segments can be determined by 
measuring the dichroic ratio R. 
Ill) X-Ray Diffraction 
When crystalline polymers become oriented, the rings in the x-ray 
diffraction pattern become intensified into arcs. The various arcs in the 
pattern correspond to reflections from various planes in the crystallites. 
The more perfect the orientation, the narrower are the arcs. Therefore, the 
breadth of specific arcs can be used to measure the orientation of specific 
axes in the crystallites [80, 81]. The orientation, with respect to the direction 
of stretch, of a single crystal in a stretched fibre can be described by 
specifying three angles, et, ~ and 'Y, which three axes of the crystal make 
with the direction of stretch. Similarly, the orientation of an assembiy of 
crystallites in a stretched fibre can be described by three orientation factors, 
fp, fr and f£l which are defined in terms of average values of squares of the 
cosines of the three angles, et, J3 and 'Y which describe the orientations of the 
individual crystallites making up the assembly, Le. 
25 
2 
f = 3cos ~-1 ~ 2 
2 
f = 3cos y-l 
1 2 
2 
f = 3cos £-1 
£ 2 
When the optical axes of the crystallites are mutually perpendicular, 
f-values are related to one another by the equation: 
and two f-values are enough to characterize crystallite orientation. 
X-ray is most satisfactory as a measure of orientation when orientation is 
low or moderate because measurements at very high orientations are 
influenced by crystallite distortion as well as by crystallite orientation. 
2.4 DEFORMATION MECHANISMS IN SOLID STATE EXTRUSION 
The spherulite deformation of polymer material has been studied by many 
authors [82-86]. As a result of the complexity of the spherulitic structure, the 
distribution of the stress and strain field in the spherulitic polymer is 
inhomogeneous during deformation. The local strain of the amorphous 
component is , on average, higher than that in the crystalline component 
and therefore, as the deformation commences, the strain concentration 
becomes higher in the boundary layers between spherulites and between 
ribbons of lamellae inside the spherulites. Thus, at an early deformation 
stage, deformation takes place within the spherulites as well as between 
spherulites. However, the deformation within the spherulites is more 
pronounced and therefore spherulites yield first in the equatorial region; 
that is, in the region where the radii are normal to the direction of the 
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maximum principal stress. The yield sections spread toward the 
intermediate and polar regions of the spherulite and draw further. During 
this early plastic deformation, the spherulites undergo a structural 
reorgnization which involves chain tilting and slipping. The way the 
chains tilt and slip is determined by the lamellar orientation with respect to 
the maximum stress direction. Lamellae parrallel to the maximum stress 
direction slip past each other, whereas lamellae perpendicular to the stress 
direction separate by overcoming the cohensive strength of the amorphous 
layers between them. As the lamellae reorient themselves with respect to 
the stress direction at the onset of the yield process, the chain-folded blocks 
tear away from the lamellae and through partial unfolding, convert to 
microfibrils. The microfibrils thus consist of folded crystalline blocks (100 to 
300 A in diameter) with the chain axis oriented in the drawing direction 
and amorphous regions of partly unfolded chains which connect the 
chain-folded blocks (Fig.2.3) [87]. The microfibrils can organize further into 
bundles, known as "fibrils". These fibrils can be deformed by sliding over 
each other giving rise to the observed macroscopic deformation. 
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Peterlin [87-89] and Becht et al [90, 91] proposed that the strongest element 
of the oriented polymer is the microfibril, and they attribute the increase in 
stiffness of oriented polymer with draw ratio to the increase in the number 
of tie-molecules (Le. molecules in amorphous phase which connect the 
highly oriented crystalline blocks) that are produced as lamellae blocks 
slipping past each other during chain unfolding. Thus the modulus may be 
increased by either increasing the number of tie-molecules or reducing the 
number of chain folds. The number of tie-molecules increases by stretching 
the material beyond its natural draw ratio, a material property sensitive to 
temperature, molecular weight and drawing rate conditions [92]. Fully 
extented chain molecules can be formed only when the draw ratio exceeds 
the ratio for the random coil to extended chain dimension [93]. However, 
completely extended chains may not be required for maximum strength, as 
the polymer will fail upon shearing [61]. Frank [94] reported that optimum 
stiffness is obtained when only 50% of the molecules are fully extended. 
2.5 EFFECfS OF EXTRUSION VARIABLES 
In solid state extrusion of polymer materials there are several variables 
which can affect the process of extrusion and the properties of extrudates. 
Therefore, the correct choice of processing material and processing 
parametres is very important for the successful extrusion. 
2.5.1 EXTRUSION DRAW RATIO 
The amount of plastic deformation which a sample undergoes during cold 
working is one of the most important factors for the attainment of 
orientation in polymer materials. High draw ratios produce a very high 
degree of molecular alignment and this leads to high stiffness and strength, 
because the intrinsic properties of the molecular chains are being realised 
[72]. 
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Since the modulus of drawn polymers have a unique linear relation with 
draw ratio [64,72,95], the achievement of very high draw ratio therefore is 
the common objective of many research work. Meinel [62] and co-workers 
obtained linear polyethylene fibers with modulus of 27 GPa at a draw ratio 
of 20. Fischer [96] and co-workers reported the preparation of drawn 
polyethylene fiber at a draw ratio greater than 15 and having a dynamic 
modulus of 38 GPa. In the work of Capaccio and Ward [64, 65, 97], it is 
reported that linear polyethylenes could be drawn up to a draw ratio up to 
30, and the highly drawn samples had moduli up to 70 GPa, which is 25 to 
30% of the theoritlcal value. 
In solid state extrusion, the extrusion draw ratio (EDR), which is defined as . 
the ratio of die entry to exit cross-section areas, is used to describe the extent 
of the solid state deformation. EDR directly affects the properties of 
extrudates. In the work of Mead et al [53, 98], birefringence values of HDPE 
extrudates produced by a conical die were found to increase very quickly up 
to a draw ratio of 10, then with the draw ratio increasing further, the 
birefringence continues to increase but at a low rate. These authors also 
found that the melting point of extrudates and crystalline weight fraction 
increase with extrusion draw ratio. The dependence of tensile modulus on 
extrusion draw ratio was also studied in this work, and the tensile moduli 
were found to increase linearly with extrusion draw ratio for EDR values 
between 10 and 15. 
The maximum extrusion draw ratio available for a certain material is 
dependent on extrusion temperature. Lowering the extrusion temperature 
can increase the tensile modulus because of the greater deformation 
efficiency, but the achievable EDR decreases [53]. Therefore, to obtain high 
strength extrudates, a good combination of extrusion temperature and EDR 
need to be used. In the work of Mead et al [98], the maximum modulus is 
obtained for HOPE extrudates at 1320C and EDR=40. 
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In a hydrostatic extrusion study by Gibson et al [27], an extrusion ratio up to 
about 20 was achieved for polyethylene. The authors found that above an 
extrusion ratio of about ID, there is a marked increase in modulus, this was 
also the point where the extrudates became transparent and the 
birefringence began to level off after initially increasing rapidly with 
extrusion "ratio. They believe that the morphology transformation to the 
fiber structure is essentially complete when an extrusion ratio of 10 has 
been achieved, further increasing in extrusion ratio results in the 
deformation of the fiber structure itself. 
2.5.2 EXTRUSION TEMPERA TIJRE 
The orientation of both crystalline and non-crystalline phases of polymer 
materials depends on the extrusion conditions such as extrusion 
temperature and strain rate. In conventional melt extrusion, to change the 
shape of the sample is the main aim, but in solid state extrusion, it is the 
internal morphology, that causes the increase in the modulus and strength 
of the extrudate. At high temperatures, the shape of polymer materials is 
easy to change, but the change of internal morphology is difficult to achieve 
because of the flow of polymer chains (Le. the relaxation of oriented chains 
to a random state). If the temperature is too low, on the other hand, the 
polymer chains are "energetically and spacially difficult to be pulled out" 
into the aligned state. Therefore, chosing the optimum temperature in 
solid state polymer processing is one of the key points in obtaining high 
modulus products. 
It is believed that the optimum temperature for solid state working lies 
between the Cl. transition temperature and the crystalline melting point of 
the polymer [7, 17]. In this temperature range, the polymer crystals can be 
plastically deformed without the concomitant occurrence of covalent bond 
rupture. 
For amorphous polymers, cold drawing occurs most readily just below the 
glass transition temperature Tg, while for semicrystalline polymers, 
cold-drawing may take place from below Tg up to near the melting point 
[99]. Other phenomena can occur at temperatures both lower and higher 
than the optimum cold-drawing range. Such deformations, however, do 
not result in the same extent of molecular orientation [99]. 
In a review about solid state deformation by Perkins and Porter [100], it is 
stated that the success of solid state extrusion process depends on the 
deformation taking place under conditions where polymer crystals are 
readily deformed. This may well correspond to conditions above the a 
transition temperature of the particular polymer. In the region between the 
a transition temperature and the crystalline point, the crystals can be 
plastically deformed without being fractured by rupture of covalent bonds. 
Cold extrusion process performed below the a transition temperature must 
involve long times for molecular rearrangement and thus very slow 
extrusion rate. Increasing the extrusion rate may only results in fractured 
extrudates [100]. 
The a transition temperature of polymer materials can be affected by many 
factors. It can change with pressure applied to the material. Generally, it is 
about 1/2 to 2/3 the melting point. According to Clark and Scott [101] the a 
transition temperature may commonly be about 30DC below the melting 
point. 
Below the a transition temperature, the crystalites are less able to deform 
plastically as they act more like chemical crosslinks. Therefore, for 
obtaining high molecular orientation, there will likely be an optimum 
temperature between the a transition temperature and the polymer 
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melting point. For polypropylene solid state extrusion, Nakamura et al [102] 
found that the optimum temperature was 110oC. 
Extrudates obtained at low extrusion temperatures may show elastic 
after-effects, such as shrinkage at elevated temperatures [103, 104]. For 
polyethylene solid state extrudates, Imada et al [103] noted that the 
extrudates produced at BOoC showed elastic after-effects, while the samples 
extruded at higher temperatures (100oC to 1200C) remained dimensionally 
stable, even at elevated temperatures as high as 1200C. It is interesting to 
note that the two temperature ranges are respectively below and above the 
tansition temperature T(X1 according to Clark and Scott [101]. 
2.5.3 EXTRUSION PRESSURE 
Extrusion pressure employed in solid state extrusion can be affected by 
many factors such as extrusion draw ratio, temperature, extrusion rate, die 
geometry, and use of lubricant. 
Extrusion rate is closely connected with extrusion pressure. Farrell et al 
[105] and Shimada et al [106] have investigated the relationship between 
these variables to a considerable extent. At a given temperature, the 
correlation of extrusion rate to extrusion pressure can be expressed by the 
following equation [107]: 
In(ER) = ko (P - Po) 
where ER is the extrusion rate, P is the applied extrusion pressure, Po and 
ko are constants at a given temperature. At a given extrusion rate, the 
extrusion pressure decreases as the temperature increases [105]. By using 
Eyring's yield theory [lOB], Farrel et al [105] derived a relation between ram 
speed V and extrusion pressure P as follows: 
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where T is the temperature, A, kI' and k2 are constants. In another paper 
[107], the correlation of extrusion rate ER to temperature T takes into 
account the activation energy through the equation: 
In(ER) = k' Llli RT 
where k' is a constant, R the gas constant and ~H the activation energy. 
Imada and co-workers [30,32,103] studied the effect of die entrance angle on 
extrusion pressure in the case of conical dies. Generally, increasing the die 
entrance angle results in an increase in extrusion pressure. This 
phenomenon was explained as due to the change of stress resulted from 
entrance angle variation and consequently velocity distribution, especially 
around the capillary inlet [30]. Large angle not only requires large extrusion 
forces, it can also results in defects in extrudates. It was suggested [22] that a 
small die angle «100) is necessary to produce solid state extrudates free of 
defects. 
The application of lubricant in solid state extrusion can reduce the 
extrusion pressure, but it was pointed out [22] that the efficiency of the 
molecular orientation is reduced. However, Porter and co-workers [100] 
found that the application of lubricants during solid state polyethylene 
extrusion make it possible to maintain higher extrusion ratios, and the 
physical and mechanical properties have not been significantly reduced. 
The yield behaviour of polymer materials can be affected by the applied 
pressure. As a result, higher stresses are required for deformation where 
there is any substantial hydrostatic component of stress [109, 110]. Smith et 
al [109] therefore pointed out that solid state extrusion is limited by the 
pressure buildup at high extrusion ratio. 
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2.5.4 POLYMER MOLECULAR WEIGHT 
Molecular weight is an important parameter in polymer materials as it can 
affect the processing behaviour and mechanical properties of products. In 
high molecular weight polymers, the entanglement between molecular 
chains is higher than for low molecular weight polymers. In studying the 
effect of molecular weight, Zachariades et al [111] found that extrusions of 
polyethylene of high molecular weight proceeds at slower rates than grades 
of lower molecular weight. Although reasons were not given, this 
behaviour must be related to the difference in molecular entanglements. 
Zachariades et al [112] studied the effects of the molecular weight on the 
tensile strength of HOPE extrudates and found that with the average 
molecular weight increasing form 50xl03 to 250xl03, the tensile strength 
increases linearly. The modulus of extrudates were also found to increase 
significantly with the molecular weight. 
The natural draw ratio for a given polymer is also affected by polymer 
molecular weight [113]. For HDPE, Andrews et al [114] have reported that 
the natural draw ratio decreases with increasing weight-average molecular 
weight. Higher molecular weights presumably provide a greater number of 
interlamellar-tie molecules [32] which impede crystal orientation, causing a 
lower natural draw ratio and subsequently low modulus. However, there is 
a lower limit to molecular weight for cold drawing processes. If the 
molecular weight is below this limit there will be no sufficient strain 
hardening to stabilize the neck [115]. 
A study carried out by Capaccio and Ward [116] concentrated on the effects 
of the initial morphology, concluding that polymers of highest molecular 
weight gave the highest tensile modulus. In a further study by these 
authors [117] on HOPE it was found that the yield stress increases with the 
degree of crystallinity of the starting polymer at constant molecular weight, 
and the yield stress also increases with molecular weight at constant 
temperature. 
2.6 MECHANICS OF SOLID STATE EXTRUSION PROCESS 
2.6.1 MECHANICS OF METAL EXlRUSION 
There are well established theories for mechanics of solid state extrusion 
for metals [118-121]. For extrusion through conical and wedge shaped dies, 
Hoffman and Sachs [119] presented a "lower bound analysis" and Pugh [118] 
and Avitzur [120] later produced an "upper bound analysis". 
Lower Bound Theory 
A lower bound solution satisfies the equilibrium condition, but not 
necessarily the conditions of continuity, and it should produce a lower 
estimate for the extrusion pressure. In a lower bound analysis, the 
deformation in a die could be treated in terms of the equilibrium of a series 
of finite elements. From· the equilibrium of stresses, one can obtain the 
relationship between extrusion pressure and the material properties, and 
die geomytry; 
In Hoffman and Sach's analysis of extrusion through a conical die, the 
assumption of a uniform state of stress at all points of a plane normal to 
the die axis was made, i. e., a "cylindrical" state of stress was assumed 
throughout, with x or axial direction being one of the principal directions 
and the stress o"x the corresponding principal stress (0"1 =O"x)i all directions 
perpendicular to the x axis being principal directions, with the compressive . 
principal stress 0"3 equal to the pressure between materials and die (0"3=-P)' 
As shown in Fig.2.4, considering the equilibrium of a volume element 
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bounded by two planes perpendicular to the x axis at distances x and x+dx 
from the apex of the die, then the forces acting on the volume element are 
axial symmetrically distributed with their resultants acting along x 
axis, and the following equilibrium differential equation can be obtained: 
d<1x 2( <1y( 1 + reota) - <1xJ 
dr r 
where f is the friction coefficient of the billet against the die. 
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Fig~4 Balance of Forces for Extrusion Through a Conical Die 
Using Tresca criterion: 
<1e <13 = <10 
and the boundary condition at the die exit 
Hoffman and Sach derived the following equation for the extrusion stress 
in the axial direction: 
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l+B 
B 
where B=f cota, <ro is the yield stress. With zero exit pressure (<rexit= 0), this 
equation becomes: 
2= l+B [l_(2-)2B] 
<r B rexit 
o 
By using the similar treatment for wedge shaped die, Hoffman and 5ach 
obtained the following equation: 
where h is the thickness of the die and 
<ro' = 2<rof.f3 
Upper Bound Theorem 
A statement of the upper-bound theorem of limit analysis by Prager and 
Hodge [122] is that among all kinematically admissible strain rates, the 
actual strain rate field minimizes the value of J* according to the following 
expression: 
1 1 
l' =22kf(cr .. e..)2dv-fT.v.dS 
IJ IJ 1 1 
v s, 
The term J* is the calculated upper bound on power. The first term on the 
right side of the equation is the internal power of· deformation, and the 
second is the power required to overcome external stresses Tj , opposing the 
deformation processes. Kinematically admissible strain rates fields are the 
velocity fields which satisfy continuity requirements. So, from the above 
statement, one knows that although the actual velocity field may not be 
known exactly, a reasonable one sufficiently close to it will give an 
overestimate of the work dissipation J* which is close to the true value. 
According to the theorem, during the process of extrusion, the extrusion 
pressure P can be regarded as being made up of three parts: 
1). Pr the worl< of homogeneous deformation per unit volume of 
material extruded 
2). PR the redundant work per unit volume performed at die 
entrance and exit 
3). PF the work done against friction at the billet-die interface per unit 
volume 
In their analyses of extrusion through conical die, both Pugh [118] and 
Avitzur [120] assumed the same velocity field with material flow lines 
radially towards the die cone apex, and defined the same spherical entry 
and exit boundaries (Fig.2.5). This type of velocity field predicts strain 
distributions in the product which are in fairly good agreement with those 
actually observed, and the extrusion pressures calculated from this 
approach agree very well with experimental values. 
-----.iJ.:::: ................. 
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Fig.2.5 Radial Velocity Field in a Conical Die 
2.6.2 POLYMER SOLID STATE EXTRUSION OF POLYMERS 
On the basis of the analyses of metal extrusion, similar treatments have 
been made for solid state extrusion of. polymers [17, 26, 30, 123, 124]. In 
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these analyses, the authors did not take into account the effect of pressure 
and strain condition on the deformation behaviour of polymers, while in 
the case of metal, these factors can usually be neglected. When dealing 
with polymeric materials, it is necessary [61] to take into account the 
following factors: 
1). pressure effect; 
2). the influence of strain condition on deformation behaviour; 
3). anisotropy, in order to apply an appropriate yield criterion in 
the analyses of extrusion process. 
For isotropic materials, the following equation: 
(2.5 - 1) 
is an expression of the Tresca (maximum shear stress) criterion of 
plasticity, where at and a 3 are the first and third principal stresses 
respectively, ao the yield stress. Because polymers become highly 
anisotropic during tensile deformation, in the treatment of solid state 
polymer extrusion, which is regarded as a predominantly tensile 
deformation, the above equation is not appropriate. But on the other 
hand, the Hill criterion [125], which is a generalization of the Von Mises 
criterion to the anisotropy situation, has a form compatible with the above 
equation in the extrusion process of a predominantly tensile deformation. 
Further more, the yield behaviour of polymers can be strongly affected by 
pressure [126]. Although, the behaviour of isotropic materials is also 
affected by pressure, the effect can be considered simply by regarding the 
yield function as being dependent on the hydrostatic components of stress. 
For anisotropic materials, however, stress levels in different directions 
will affect the material differently. Caddell and Woodliff [127] proposed 
modification of the Hill criterion by adding three linear terms in the 
principal stresses to consider the effect . The Coulomb yield criterion 
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assumes that the flow stress is influenced by the normal stress on the 
particular slip planes involved in the yield process. This criterion fits quite 
well the yielding of polymer materials. This can also explain, for example, 
the observation that the deformation of highly oriented linear 
polyethylene and polyoxymethylene takes place primarily by localised slip 
on planes containing the chain axis. In the tensile direction, the c-axes of 
the crystals of polymer materials become oriented, hence, the stress most 
likely to affect the yield behaviour is the stress normal to the extrusion 
direction (which is also the orientation direction), therefore a normal 
stress will increase the yield stress. The criterion for anisotropic materials 
under pressure can therefore, be obtained by adding a factor (1+~Q"3) to 
Eq.(2.5 - 1), i.e. 
(2.5 - 2) 
where ~ is a normal stress coefficient. This criterion is specifically 
applicable to the case of tensile yielding of polymers in highly oriented 
state. 
The yield behaviour of polymer materials can also be affected by both the 
level of imposed strain e and strain rate e. Through actual measurement of 
the yield stress at various strains and strain rates, one can obtain the value 
of yield stress Q"o(e, e), and its form can conveniently be represented by a 
three dimensional surface in stress- strain-strain rate space, as shown in 
Fig.2.6. 
In a specific process, for example extrusion through a specific die, the 
relationship between strain e and strain rate e in the die can be obtained 
with extrusion speed being a variable parameter. Further more, the yield 
stress Q"o as a function of strain e and strain rate E in the die can be obtained 
by interpolation of the data representing the stress-strain-strain rate 
surface. Thus, the following criterion is obtained: 
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Fig.2.6 Yield Stress-Strain Strain Rate Relationship 
(2.5 - 3) 
In the analysis of the mechanics of solid state extrusion of polymers 
through a conical die carried out by Coates et al [128], the effects of strain, 
strain rate and pressure on deformation behaviour were considered by 
using the above yield criterion. The basis of their analysis is Hoffman and 
Sachs lower bound analysis, and they applied the simplified "plug flow" 
type of flow field assumption [61] which gives the following relationship 
between strain e and strain rate e in a conical die: 
3 
4V R -e 2 T( ~) tana 
where R (lnR=e) is the instataneous extrusion ratio at a point distance x 
from the die cone apex, RN is the normal extrusion ratio ( RN =(dol de)2 ), 
Ve and de are the product velocity and diameter at the die exit 
respectively, do is the diameter at the die entry, a is the die cone 
semi-angle. 
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CHAPTER 3 EXPERIMENTAL 
3.1 DESIGN CONSIDERATIONS OF CONVERGENT-DIVERGENT DIES 
Four dies with simultaneous convergent and divergent flow channels were 
constructed for extrusion experiments. The geometry of these dies is shown 
in Figures 3.1 to 3.4. For all these dies the thickness reduction ratio is equal 
to the width expansion ratio, giving nominal draw ratios of 5:1 in the 
transverse direction, and 1:5 through the thickness. For the purpose of the 
analysis, these convergent-divergent dies were made having equal channel 
cross-section area at the die entry and the exit in order to achieve 
deformation conditions equivalent to "pure shear" [45). 
As shown in Figures 3.1 and 3.2, two of these dies have the same 
cross-section area dimensions at both die entry and die exit (5mmx25mm), 
but the dimmensions of the thickness and width are reversed from die 
entry to exit. An inspection of the CoD die in Fig.1.5b shows that a 
rectangular cross-section channel bounded by equal and constant 
convergent and divergent angles over the entire length will exhibit a large 
increase in cross section at the centre. For instance, a die with dimensions 
(5 x 25) mm2 at entry and exit will undergo an expansion in cross section 
area by a factor of 1.8, while for a die with initial and final cross-sections of 
(1 x 10) mm2 the area expansion is by a factor of 3.0. 
Although the overall deformation will be determined by the exit cross 
section dimensions, the material would be subjected to parabolic rather 
than constant deformation rate history in moving along the channel. 
Consequently, these two dies featuring a constant cross section area along 
the entire flow path were chosen so that a constant linear velocity can be 
maintained. They are referred to as the "Dual-Taper Die" (Fig.3.1) and the 
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"Cross Die" (Fig.3.2) respectively. 
The Dual-Taper Die, which has the same cross-section area at the centre as 
at die entry and exit, is a practical adaption of an "ideal" die bounded by 
curvilinear channels to maitain the cross-section area exactly constant. The 
cross-Die, on the other hand, exhibits a truly constant cross-section area, 
while maintaining the features of equal convergent and divergent angles. 
The other two dies (Fig.3.3 and Fig.3A) have the feature that the cross 
section of lOmrnxlOmm at die entry is gradually changes to the cross 
section of 2mrnx50mm, therefore, they are referred to as the "Fish-Tail 
Dies" in the present work. The difference of these two Fish-Tail Dies lies in 
that one of the dies is bounded by linear channels which undergo an 
expansion in the cross section area at the centre by a factor of 1.8 , while the 
other has curvilinear channels to keep the cross section area constant along 
the entire length of the die. Thus they can be distinguished by the names 
"Expansion Fish-Tail Die" (Fig.3.3) and "Constant Fish-Tail Die" (Fig.3.4) 
respectively. 
In the case of Fish-Tail Dies, the angle of convergence is much smaller than 
the angle of divergence. For the Dual-Taper Die, on the other hand, the 
convergent angle is larger than the divergent angle up to the central 
section, after which the magnitude of the two angles is reversed. 
Fig.3.5 shows the cross section area variations of Expansion Fish-Tail Die 
and Dual-Taper Die along the length of the Dies. Whilest the cross section 
area of Expansion Fish-Tail Die reaches maximum at the die centre with a 
expansion factor of 1.8, the increase in cross section area for Dual-Taper Die 
is very "small" and occurs between the central section and the entry and 
exit respectively. 
To perform the extrusion through the above mentioned dies, conection 
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parts were manufactured. In Figure 3.6, the installation of Dual-Taper Die 
and Cross-Die extrusion system is illustrated. The main part of these dies, 
which cause the deformation required to produce biaxially oriented 
extrudates, is the convergent-divergent section in the middle, which can be 
called as shaping section. The extrusion ram has the same rectangular cross 
section area as the feed section at the top, while the sizing section at the 
bottom was made the same rectangular cross section as the exit of shaping 
section. 
Plate 3.1 shows photographs of the parted sections of Dual-Taper Die, Cross 
Die and Expansion Fish-Tail Die respectively. In Plate 3.2, the shaping 
section of the Dual-Taper Die and Cross Die, Expansion Fish-Tail Die and 
Constant Fish-Tail Die are compared. Plate 3.3 shows the construction, 
including guide dowels and the load cell (at bottom) to record the extrusion 
forces. The whole system was mounted on an Instron to perform the 
extrusion process, and the dies were heated to the required temperature by 
means of thermostatically controlled electrical band-heaters. 
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Plate 3.3 Extrusion Aparatus Mounted on the Load Cell 
of an Instron (Band Heaters not Shown) 
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3.2 MATERIALS CONSIDERATIONS FOR EXTRUSION EXPERIMENTS 
Two different materials in the form of sheet products and rods were used 
in this work: polytetrafluoroethylene (PTFE), and two grades of ultra-high 
molecular weight polyethylene (a natural grade and a green-pigmented 
grade respectively). The PTFE products were commercial stocks, while the 
UHMWPE sheets, 6 mm and 10 mm thick respectively, were supplied by 
Perplas Ltd. The two grades of polyethelene are refered to as natural 
UHMWPE and green UHMWPE respectively through out this work to 
denote the colours of the raw materials, i.e. natural and green respectively. 
PTFE is a highly crystalline polymer involving the very strong C-F bonds 
with a high melting point about 323oC. The high orientability and the low 
frictional coefficient makes it a very suitable material for the present 
investigation. Since the frictional coefficient of PTFE. remains 
approximately constant with the change of temperature [129], it was applied 
in the present work with the main purpose of process mechanics 
modelling. 
The UHMWPE has a very high degree of polymerization, prepared with 
Ziegler catalysts. The weight average molecular weight measured by the 
light scanning method is in the range of 3.5 to 4 million. The high 
molecular weight gives rise to high solution viscosity and pronounced 
viscoelastic behaviour of the melt so that conventional processing 
operations are not suitable, thereby is limited to ram extrusion or 
compression moulding [51]. As the molecular weight of polyethelene 
increases, higher values are obtained for a number of technically important 
properties including notched impact strength, energy absorption capacity at 
high loading rates, ultimate tensile strength at elevated temperature and 
also resistance to stress cracking. Its high molecular weight therefore makes 
the UHMWPE suitable for applications where lower molecular weight 
grades do not meet the requirements [130]. Therefore UHMWPE is an 
outstanding candidate for producing ultrahigh strength materials [51], and 
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for this reason was chosen for the present study. 
The sheets were machined into billets of the same dimensions as the feed 
sections of the dies (5mmx25mmx50mm and 10mmxl0mmx50mm). 
Square grids of 5mmx5mm were drawn on the surfaces of the billets by 
means of "permanent ink" pens after treating the billets with oxygen 
plasma. 
A carbon black filled natural rubber unvulcanised compound as a model 
material was also used in the extrusion experiments for the melt flow 
analysis of highly viscous melts. 
3.3 EXTRUSION TRIALS 
The extrusion system was mounted on an Instron Tensile Test Machine up 
dated and computerised by Nene Instruments (Plate 3.3). The machine can 
control the extrusion speed and measure the force continuously while 
performing the extrusion experiments. A ram having the same cross 
section as the feed stock was used to drive the billets through the shaping 
section of the die. 
The dies were fed intermittently between each extrusion step until the 
forces reached a constant value. At the end of each run the die was opened 
and the grid pattern examined to monitor the surface deformations. 
'Experiments were carried out at constant extrusion speeds of 25 and 50 
mm/min at different temperatures, range from room temperature up to 
1500C for UHMWPE and 2000C for PTFE. 
The UHMWPE used in this work has a melting point of about 1390C by DSC, 
method, therefore, in the extrusion experiments carried out near and above 
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this temperature the material does not have a true yield behaviour. The 
melt viscosity measurements were attempted by capillary rheometer, but 
even with very large dies at very high temperature it gave melt fracture. 
Therefore a natural rubber compound filled with carbon black was used to 
simulate the flowing behaviour of UHMWPE as a melt in case the plastic 
analysis did not produce satisfactory results. 
3.4 BIREFRlNGENCE MEASUREMENTS 
3.4.1. PRINCIPLES OF BIREFRINGENCE MEASUREMENTS 
I). Optical Path Difference 
A given polymer material has associated with it some unique optical 
properties determined by its polarisability. Since the polarisation of 
anisotropic materials is directionally dependend, the optical properties also 
depend on the direction in which they are measured. As a convenient 
index of orientation, birefringence is thus defined as the difference of the 
refractive indices along two orthogonal directions. 
The refractive index of a material is defined as the ratio of the velocity of 
light in vacuum (or in air) to the velocity in the medium. For isotropic, or 
singly refracting materials, the optical properties are independent of 
position in the material or the direction of observation, and the indices in 
all directions are same. In such materials, there is only one speed for the 
transmitted light (of given wavelength) irrespective of its direction, and 
there are no restrictions on the vibration direction of light. On the other 
hand, doubly refracting, or anisotropic materials, have different refractive 
indices in different directions. 
The refractive optical properties of anisotropic materials can be represented 
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in the most general case by three principal indices CL, p and 'Y which are 
mutually perpendicular to one another. 
Anisotropic media in general split a beam of light entering them into two 
components which travel at different speeds and vibrate in mutually 
perpendicular planes. In emerging, between these two components there 
will be an optical path difference which is defined as: 
OPD=t&! 
where OPD is the optical path difference, t is the thickness of the specimen 
and Lln the birefringence displayed for that particular direction of 
observation. If the OPD value and the thickness of the specimen are 
known, then the birefringence Lln can be calculated from the above 
equation. 
II). Device and Polarising Colours 
To measure the optical path difference, a device illustrated in Fig.3.7 is 
usually employed. The main part of this device is the so called crossed 
polars, i. e., the two polarising filters mounted in series, with the specimen 
being between them. As shown in this figure, the first of these filters, the 
polarisor, has its permitted vibration direction D1 and the second, the 
analyser, has a permitted direction D2.If an isotropic specimen is placed in 
the crossed polars, it will appear black at all times, becuase the light from 
the polariser vibrates in direction D1, and it will continue to vibrate in this 
direction within the specimen, and is absorbed by the analyser. When an 
anisotropic specimen is placed between the crossed polars, polarisation 
colours, which are a manifestation of the optical path difference in the 
material, will be exhibited. 
The polarising colours are the results of constructive and destructive 
interferences of the light coming from the specimen to the analyser. 
Suppose the orientation direction of the specimen is along z axis, i.e., its 
permitted vibrating directions are along z and y directions, as shown in 
Fig.3.8. Let us consider the constructive and destructive interferences in the 
analyser by varing the optical path difference of the specimen. 
Suppose the path difference arising in the specimen is mA. (where m is a 
whole number, A. the wavelength of the monochromatic light used), i.e. the 
two components of the splitted light have a phase difference equal to 27tm, 
as shown in Fig.3.9a. However, the two components emerging from the 
specimen vibrate in mutually perpendicular plances, so they can be better 
represented by vector OC and OD in crossed polars (Fig.3.9b). When these 
two waves reach the analyser, only the components parallel to A-A plane 
can pass through, therefore the emergent wave can be represented by 
vectors QC' and OD'. It is obvious that when OC' is at a crest on +OA, OD' 
is at a trough on -AO, which is the condition for destructive interference. 
So when the path difference arising in the specimen is mA., there is 
destructive interference in the analyser. 
If the path difference in the specimen is (m+l/2)A. as represented by Fig.3.9c, 
by a similar analysis, it can be shown that there is constructive interference 
in the analyser (Fig.3.9d). When the optical path difference is between mA. 
and (m+l/2)A., the constructive and destructive effect is between the above 
two extreme situations. 
If a wedge of oriented material is placed between the crossed polars, it will 
appear to be crossed by alternate black and bright bands because of its 
gradually changing optical path differences. With the increasing of 
wavelength of the incident light, the spacing of the bands will increase 
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linearly, this is because to make the optical path difference to change from 
m,,- to (m+l/2),,-, the thickness of the specimen must be increased. If white 
light is used, a sequence of colours can be considered as white light minus 
those colours or wavelengths which are in interfering destructively. 
If an oiented polymer plate of uniform thickness is rotated on the 
microscope stage between crossed polars, it shows a particular interference 
colour that changes in intensity from a maximum to a minimum four 
times during a 360-degree rotation. The positions occupied by the plate at 
minimum illumination (usually complete darkness) are described as the 
extinction positions. During the measurement of OPD, the specimen needs 
to be rotated to brightest positions. 
III). Measurement of Optical Path Difference 
A Michel-levy colour chart as illustrated in Fig.3.10 [131] enables the 
polarised colour produced by an oriented polymer plate between crossed 
polars to be converted into an OPD value. This procedure involves 
comparing the colour observed in microscope with that in Michel-Levy 
chart, so it is somewhat subjective and usually not fully satisfactory. It is 
useful, however, to consult the Michel-Levy chart before more accurate 
measurements are carried out in order to know the approximate range of 
the orientation. 
The methods for the measurement of the optical path difference produced 
by a doubly refracting material are almost exclusively based on producing 
compensation, Le., forcing the mutually perpendicular vibrating emergent 
waves from the specimen into a plane vibrating wave parallel to the plane 
of vibration of the polariser. Many kinds of compensators have been 
developed for this kind of measurement. 
Basically, a compensator is a doubly refracting device which can produce 
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Fig.3.10 Michel-Levy Chart Showing the Relationship of 
Polarising Colours to Thickness and Birefrigence 
in Oriented Polymers 
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variable optical path differences. The mechanism of compensation is 
schematically shown in Fig.3.11. When a compensator is inserted between 
specimen and analyser, with its high and low refractive directions being 
superimposed on the low and high index directions of the specimen, the 
result is a subtraction of optical path differences. If the optical path 
difference of the compensator is adjusted to be identical to that of the 
specimen, the resultant path difference will be zero and the specimen 
appear dark, that is, the compensation situation is reached. The amount of 
adjustment of the compensator usually can be converted into an OPD by 
calibration or by refrence to manufacturer's table. 
oompen •• tor 
. .' 
. . 
apeoimen 
pola.ri:z:er 
Fig.3.11 Schematic of Compensation 
63 
3.4.2 BIREFRINGENCE MEASUREMENTS ON EXTRUDATES 
In order to measure orientation, the predominant orientation direction 
need to be known first, so that the microsection can be cut from correct 
positions and directions. For the extrudates in the present work, the 
orientations are supposed to be parallel to the extrusion direction x and the 
lateral direction z as shown in Fig.3.12. For biaxially oriented polymer 
materials, two birefrigences measured from two orthogonal planes 
perpendicular. to the orientation plane are required to describe the 
. orientation. Therefore, birefringence measurement of the e"trudates in the 
present work was carried out on the microsections which were cut from the 
cross sections ABeD, EFGH and IJKL respectively (Fig.3.12). 
The birefringence on cross section ABCD will show the orientation parallel 
to z axis (Le. transverse direction), while the birefrigences measured on 
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Fig.3.12 Illustration of Positions of Microsections Used for 
Birefringence Measurement in Extrudates 
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cross sections EFGH and IJKL will represent the orientation in the 
extrusion direction. The reason for choosing two parallel cross sections 
(cross sections EFGH and IJKL) is to examine the change of orientation in 
extrusion direction across the width of the extrudate. On every cross 
section, two birefringence values were obtained which were taken from the 
middle part and near the surface of the cross section respectively (Fig.3.12) 
to show the change of orientation along the y axis (i.e. through the 
thickness of the extrudate). Microsections were mounted between a 
microscope slide and cover slide in dioctyl phthalate to reduce light 
scattering and depolarisation at the specimen surfaces. 
Note, however, that strains introduced by the cutting of thin specimen can 
affect the accurancy of measurement by introducing additional or spurious 
skin orientation. According to equation OPD=t.nt, if the cutting strain is 
consistent and independent of the thickness t of specimen, which is a 
reasonable assumption in practice [132], then the curve of measured OPD 
versus thickness t should still be a straight line, with the slope of the curve 
giving the unaffected birefringence, and the intercept on the OPD axis gives 
a measure of the cutting strain, as shown in Fig.3.13. To minimize strain 
effect in the present work, three or four microsections with thickness 
ranging from 5 Jlm to 40 Jlm were cut by using a microtome from every 
cross section, and the birefringence values were obtained as described 
above. 
Cl 
"" o 
A 
o 
o Thickness· 
Fig.3.13 OPD as a Linear Function of Thickness 
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The compensators used were Quartz Ehringhaus and Calate, while the 
illuminating light used had a wavelength of 546 nm. 
3.5 DSC ANALYSIS 
In DSC analysis, a heat flux flows into or out of a sample and its magnitude 
is measured as function of time or temperature. By the DSC method, 
thermal properties of polymer materials such as heat capacities, melt 
enthalpies, transition temperatures, specific heats etc can be measured, and 
from this information further indications regarding phase transitions, 
crystallization processes etc can be derived. 
The thermal characteristics of the UHMWPE extrudates were evaluated 
using a Dupont 900 DSC apparatus. From each extrudate two samples were 
cut along transverse and longitudinal directions respectively, which aims 
to examine the thermal properties difference in the two directions due to 
the different amount of orientation in the two directions. The weight of 
samples ranges from 10 milligrams to 15 milligrams, and were heated from 
room temperature to 1600C at a heating rate of lOoC/min under a dry 
nitrogen blanket. 
Figure 3.14 illustrates the operation principle of Differential Scanning 
Calorimeter. During the test, the two thermally isolated sample holders 
which contain the sample S and reference substance R are heated in 
parallel with a high degree of accuracy according to a pre-setted linear 
temperature programme. If, for instance, the sample holder S takes up 
more heat than the reference substance holder R, then the temperature of 
sample holder S will drop. For each measurable temperature diference 
between Sand R the cooresponding amount of energy is immediately 
compensated for by a variable filament power intending to keep the two 
holders in the same temperature. The filament power is continuously 
recorded and generally it is expressed as specific heat versus temperature as 
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shown in Fig.3.15. 
From the curves shown in Fig.3.15 the phase transformation in polymers 
can be easily examined for both amorphous (Fig.3.15a) and crystalline 
polymers (Fig.3.15b). The degree of crystallinity of semicrystalline plastics 
can also be determined by the curves. As shown in Fig.3.15b, in passing the 
melting zone a so-called "melt peak" is obtained whose area is proportional 
to the melting enthalpy of the material LlHm : 
where Tt and T2 are the starting and ending temperature of the melt peak 
respectively, cp is the specific heat. The propotional factor in the above 
equation can be determined by carring out DSC measurement of substance 
of known melting heat, e.g. tin. Then the enthalpy LlHm can be calculated 
from the peak area and the obtained propotional factor. If the enthalpy LlH 
of completely crystalline sample of the same polymer is known, then, 
assuming the validity of a two-phase structure, the degree of crystallinity Xc 
can be calculated: 
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Fig.3.14 Principle of Operation and Block Diagram of 
Differential Scanning Calorimeter 
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Fig.3.15 Typical DSC Diagrams for Amorphous and Crystalline Polymers 
a. amorphous polymers: relaxation process (e.g. glass transition) 
T g = glass transition temperature 
b. crystalline polymers: first order transition (e.g. melting process) 
T m = melting point Cp = specific heat 
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3.6 TENSILE TEST 
Tensile tests on sections of the extrudates were carried out on a JJ Lloyd 
Tensometer to examine the tensile strength variation of the extrudates 
with extrusion conditions. Because of the size of extrudates, micro tensile 
specimens with a microtomed thickness of 80 Ilm were used for the 
Dual-Taper Die and Cross Die extrudates. While for extrudates from 
Fish-Tail Dies, apart from the micro tensile specimens, larger samples were 
also used. A crosshead speed of 30 mm/min was employed for the tests. 
Because of the complexity of the orientation' in Cross Die extrudates, a 
complex set of specimens shown in Fig.3.16 was used for the Cross Die 
extrudates to examine the strength variation with orientation distribution. 
For the extrudates from the other three dies, only transverse and 
logitudinal direction specimens were tested. 
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CHAPTER 4 THEORITICAL ANALYSIS OF THE 
MECHANICS OF DEFORMATIONS IN CoD DIES 
4.1 ANALYSIS OF SOLID STATE EXTRUSION MECHANICS FOR 
THE DUAL-TAPER DIE AND THE FISH-TAIL DIE 
In this section, the analysis of the mechanics of solid state extrusion 
through the Dual-Taper Die and the Fish-Tail Dies is carried out by using 
the "Lower Bound" method, in order that the distribution of stresses in the 
die and the amount of work done during the process can be calculated. The 
Cartesian coordinate systems used for these three dies are shown in Figures 
4.1 to 4.3. These dies have the characteristics that the cross sections of the 
dies at any poition are rectangular. 
In the analysis, the following assumptions are made: 
1). Uniform stess state: the normal stress (Jx at the plane normal to die axis 
(x axis) is uniform, stress (Jy is constant along z axis direction 
2). The normal stress (Jz is equal to zero at the side walls of the die. But 
because of the frictional forces in z axis direction due to the transverse 
deformation of material, (Jz is not equal to zero within the material. It 
changes along the z direction with (Jz=O at die walls, rereaching the 
maximum in value at the centre of the die (z=O). In the analysis the 
mean value of (Jz is taken into calculation: 
(4.1-1) 
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Fig.4.1 Coordinate System Used in Analysis of Mechanics for 
Solid State Extrusion Through the Dual-Taper Die 
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50 
4.1.1 EQUILIBRIUM EQUATIONS 
A). Force balance in x axis direction 
Consider the equilibrium of the thin element bounded by two planes 
perpendicular to the x axis at the positions x and x+dx, as shown in Fig.4.4. 
Because of the symmetry of the forces acting on the volume element, the 
resultant force is only acting along the x axis. As a result, only the 
equilibrium of the forces in the x axis direction needs to be considered. 
! Y 
! 
DC P 
I ....,...-F 
F' 
u. 
--
cb: 
F' 
I 
.. 
P 
Extrusion Direction 
Fig.4.4 Equilibrium of Forces on an Infinitesimal Element of 
Axisymmetrical Convergent-Divergent Dies 
1). XO"x the resultant of o"x 
XO"x = 4 ( o"x + dO"x) ( y + dy) (z + dz ) - 4 Y z o"x 
neglecting infinitesimals of higher order: 
Z 
XO"x = 4 ( y o"x dz + Z o"x dy + Y z dO"x ) (4.1-2) 
2). The pressure p on the die surfaces yield the x component Xp 
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Xp=2p[2z+2(z+dz)] d; _1_ sinCl 
COSCl 
where Cl is the angle between x axis and the upper bound of the die: y=y(x) 
(Fig.4.4), i.e. 
dy 
dx tanCl 
Eliminating high order infinitesimals 
Xp = 4 P tanCl z dx 
Substituting tanCl with dy / dx: 
Xp=4pzdy (4.1-3) 
3). The frictional forces along the die surfaces yield the x component Xr 
dx 1 Xf = 2fpcosCl [2z + 2(z+dz)]-2- ---
cos Cl 
where f is the frictional coefficient between extrudate and die surfaces. 
Eliminating high order infinitesimals and substituting dx with cotCldy: 
Xf= 4 fp z ColCl dy (4.1-4) 
To satisfy the equilibrium condition, the sum of the forces in the x 
direction should be equal to zero, i.e. 
x =XO'x +~+Xf=O (4.1-5) 
Substituting equations (4.1-2), (4.1-3) and (4.1-4) into equation (4.1-5): 
4 ( yO'x dz + ZO'x dy + yz dO'x ) + 4pz dy + 4fpz cotCl dy = 0 
Rearranging the above equation: 
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dO"x CiY=-
dz 
o"x (y + z ) + (l + f cot a. ) pz 
dy 
yz 
(4.1-6) 
Eq.(4.1-6) is the equilibrium differential equation for the dies with 
rectangular cross sections. 
B). Equilibrium in z direction 
Consider the z direction force balance of the element shown in Fig4.4. 
1). ZO"zc the force produced by stress O"zc 
Zcr = 0" (y + dy + y) dx x 2 
Zc Zc 2 
where O"zc is the stress value at die centre. 
Eliminating the infinitesimals 
ZO"zc = 2y o"zc dx 
2). Friction forces F' produce ZF 
dz+ z+z 
---;:;---dx 2 
ZF' =2fp-------
cos a. 
dx 
21:.=2fpz---
cos a. 
(4.1-7) 
(4.1-8) 
The resultant of all the forces acting in the z direction equal to zero: 
Z = ZO"zc + Zp' = 0 (4.1-9) 
Substituting Equations (4.1-7) and (4.1-8) into Equation (4.1-9) 
Tl 
Since 
2 Y O"zc dx + 2 f P z dx/cosa = 0 
fp z 
O"Zc = --....!--
ycosa 
p = - cosa O"y 
0" = Zc 
fz 
Y 
(4.1-10) 
(4.1-11) 
(4.1-12) 
The mean value of o"z can be obtained according to Equation (4.1-1): 
0" +0" Zc zw 
0"= 
z 2 
where O"zc and O"zw are the stress values at die centre and die walls 
respectively. 
Substituting Equation (4.1-12) and O"zw= 0 into above equation yields: 
fz 
0" =--0" 
z 2 Y y 
(4.1-13) 
4.1.2 EQUATIONS OF BOUNDARY CURVES 
A).The Dual-Taper Die 
In the coordinate system used (Fig.4.1), the boundary curves of the die can 
be expressed by the following equations: 
y= 
c-a 
--x L 
b-c c (2c-b-a) 
--x+-'---'-L c-a 
aL aL 
--!>x!>--+L 
c-a c-a 
(4.1-14) 
aL aL 
-+L!>x!>-+2L 
c-a c-a 
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Z= 
b-c c (b-a) 
---x +---''--'-
L c-a 
c-a 
--x+2c L 
aL aL 
--:5:x:5:-
c 
+L 
c-a -a 
(4.1-15) 
aL aL 
-+L:5:x:5:-+2L 
c-a c-a 
Combining the above two equations, the relation of z to Y is obtained: 
-(b-c)y + c(b-a) 
a:5:y:5:c 
c-a 
Z= (4.1-16) 
-(c-a)y + c(b-a) 
c:5:y:5:b b-c 
Substituting b=12.5, c=5.6, a=2.5 and L=25 (all in mm) into Eq.(4.1-14) and 
Eq.(4.1-16), the following equations are obtained for the Dual-Taper Die: 
0.124 x 2.5 :5: Y :5: 5.6 
y= (4.1-17) 
0.276 x - 6.856 5.6 :5: Y :5:12.5 
-2.226 Y + 18.065 2.5 :5: Y :5: 5.6 
Z= (4.1-18) 
-0.449 Y + 8.116 5.6:5: y:5: 12.5 
Substituting Eq.(4.1-17) and Eq.(4.1-18) into Eq.(4.1-6), the following 
equilibrium differential equation for the Dual-Taper Die is derived: 
(1 +8.06f)p 18.07 - 4.45 y 
0' - + 
Y (-18.07 + 2.23 y) Y • dO'. 
2.5:5:y:5:5.6 
--= dy (1 +3.62f)p 8.12 - 0.90y 
- + (-8.12+ 0.45 y) Y 0' Y • 
5.6s:y:5:12.5 
(4.1-19) 
79 
B}. The Expansion Fish-Tail Die 
As show in Figure 4.2, the boundary curves of the Expansion Fish-Tail Die 
can be expressed by the following equation: 
b-a 
Y= 2L x (4.1-20) 
d-b 
x+b d-a Z= 2L b-a 
(4.1-21) 
From the above two equations, z can be expressed as a function of y: 
z = _-....;(....;d_-_b..:..,} ;:-Y _+_b....:.( _d _-....;a }:..-
b-a (4.1-22) 
For the Expansion Fish-Tail Die, the constants have the following values: 
a= 1 (mm) 
d=25 (mm) 
b = 5 (mm) 
L=25 (mm) 
(4.1-23) 
Substituting the above constants into Equations (4.1-20) to (4.1-22), the 
following equations are obtained: 
y= 0.08 x z= -0.4 x+ 30 (4.1-24) 
and 
z=-5 Y+ 30 (4.1-25) 
dy 
tana = <iX = 0.08 (4.1-26) 
Combining Equations (4.1-6), (4.1-25) and (4.1-26) the equilibrium 
differential equation for the Expansion Fish-Tail Die is obtained: 
dcr
x 
dy 
2 ( 3 - y ) cr
x 
+ ( 1 + 12.5 f) ( 6 - y) P 
(6-y}y 
C). The Constant Fish-Tail Die 
(4.1-27) 
In the Constant Cross Section Fish-Tail Die, the cross section area at any 
position along x axis is a constant, i.e. 
4yz=4b2=4ad (4.1-28) 
In the coordinate system shown in Figure 4.3 the boundary curve z can be 
expressed as: 
d-b Z=- x+d 2L 
From the above two equations 
b2 Y = --;--;----d-b 
- 2L x+d 
From Equation (4.1-30) 
and 
2 d-b 
dy b 2L 
tanu = --= ---;--;-----
. dx (_ d-b +d)2 
b2 d - b 
2L 
2L x. 
=--.,.---
2 
z 
d - b 2 
---y 
2Lb2 
cosu= '+ ~ tan2u+ 1 
= 
(d- b)2 y4 +4L2 b4 
2Lb2 
(4.1-29) 
(4.1-30) 
(4.1-31) 
(4.1-32) 
Substituting Equations (4.1-28) and (4.1-31) into the Equilibrium Equation 
(4.1-6): 
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(d-b)/+2Lb2 r 
3 (d-b)y 
p (4.1-33) 
For the Constant Fish-Tail Die used in this work, the constants in above 
equations have the same values as those of the Expansion Fish-Tail Die 
shown in Equation (4.1-23). Therefore substituting Equation (4.1-23) into 
Equation (4.1-33) gives out the equlibrium equation for the Constant 
Fish-Tail Die. 
2 Y + 62.5 r 
-'---::-3 --p 
y 
D). Fish-Tail Die with equal middle-cross-section area 
(4.1-34) 
The diagram of the die is shown in Figure 4.5. The characteristic of this die 
is that the cross section area at the centre is equal to the cross section areas 
of die entry and exit, therefor it can be refered to as Equal Middle Fish-Tail 
Die. This die has not actually been used in the present work, but the 
analysis is presented here for the comparison with the other two Fish-Tail 
Dies that were used in this work. 
In theCartesiansystem shown in Figure 4.5, the boundary curves of this die 
can be writen as: 
y = 
Z =-
c-a 
L x 
b-c c(2c-b-a) 
L x+ c-a 
d-b 
2L x+ 
2dc-da-ab 
2(c-a) 
as;yS;c 
(4.1-35) 
cS;ys:b 
(4.1-36) 
To make the middle cross section equal to the entry and exit cross section, 
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x 
the following relationship is required: 
4b2 =4ce=4ad (4.1-37) 
Since the constants a, b, d and L have the same values as in the cases of 
Expansion and Constant Fish-Tail Dies, the values of constants e and c can 
be calculated from Equation (4.1-36) and (4.1-37). 
d+b 
e 2 = 15 (mm) 
ad 
c = - = 1.67 (mm) 
e 
Substituting constants into Equations (4.1-36) and (4.1-37): 
2 
--x 
75 
y= 
10 20 
--x---
75 3 
Z = -0.4 x + 40 
From the above two equations: 
-15y+40 
Z= 
-3 Y + 20 
5 l:S;y~ 
5 
T:s;y:S;5 
l:S;y:S; 5 
3 
5 
T:S;y::;;s 
(4.1-38) 
(4.1-39) 
(4.1-40) 
(4.1-41) 
(4.1-42) 
Substituting Equations (4.1-40) and (4.1-42) into Equation (4.1-6) results in 
the equilibrium differential equation for Equal Middle Fish-Tail Die:· 
(-30y + 40) cr
x 
+ (1+ 37.5 f) (-15y + 40) p 
(-15 Y + 40) Y 
(-6y+ 20)cr
x 
+(1 +7.5f)(-3y+20)p 
(-3y+20)y 
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(4.1-43) 
4.1.3 YIELD CRITERIA 
During the solid state extrusion processes through these rectangular cross 
section channel dies, there are two possible yielding mechanisms: lateral 
deformations and/or longitudinal deformations. The lateral (or transverse) 
yielding condition can be described by the Tresca Criterion giving the 
following equation: 
<Yz - <Yy = <Yo (4.1-44) 
while the logitudinal (or forward) yielding condition can be expressed as: 
(4.1-45) 
where <Yx' <Yy and <Yz are the normal stresses in x, y and z direction 
respectively, and <Yo is the yielding stress of the material. It is clear that in 
the coordinate systems used for these dies discussed here, the normal 
stresses <Yx' <Yy and <Yz are all negtive in values. Therefore, from Equations 
(4.1-44) and (4.1-45) it can be seen that a small I <Yx I or I <Yz I value will only 
require a small I <Yy I value to make the material yield. As a result, in the 
area where I <Yx I < I <Yz I the material will deform according to the criterion: 
<Yx - <Yy = <Yo l<Yxl<l<Yzl (4.1-46) 
i.e. deformation occurs longitudinally or forward, while in the area where 
I <Yx I > I <Yz I the lateral deformation will dominate: 
(4.1-47) 
In the extrusion process I <Yx I will increase from the minimum value at die 
exit to the maximum value at die entry, while since the material extends 
and becomes thiner towards the die exit, the I <Yz I value will increase from 
minimum value at die entry to the maximum value at die exit. 
Therefore it can be expected that in the region bounded by the die exit and 
85 
position xcc at which 0x=oz' longitudinal deformations will dominate, i.e. 
Equation (4.1-46) applies, while in the region from xcc to die entry, the 
material will mainly deform transversely according to Equation (4.1-47). 
This yielding pattern can be expressed as 
(4.1-48) 
where xcc is the point where the yielding mechanism changs. 
4.1.4 YIELD BEHAVIOUR AND FRICTION COEFFICIENT 
To solve the equilibrium equations, the yield behaviour and the friction 
coefficient of the material need to be known. 
I). Yield Behaviour 
The yield behaviour of polymer materials is usually different from that of 
metals under comparable hydrostatic pressure values, and the anisotropy of 
polymer materials can also affect the yield behaviour . For anisotropic 
polymer materials under pressure the following criterion can be used to 
describe the yield criterion (See Chapter 2, 2.6.2): 
(4.1-49) 
where 01 and 03 are the first and the third principal normal stresses 
respectively, 00 is the yield stress, P is a coefficient. 
The yield stress 00 of polymers depends on strain level and strain rate, 
especially in the case when both starin and strain rate are very high 
(Fig.2.6). In the present work, the extrusion speeds are low enough to make 
it possible to neglect the effect of strain condition on yield stress. This can be 
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justified from the observation that the extrusion forces are practically 
unaffected by the extrusion speeds used. 
Eq.(4.1-49) can be rewritten as 
(4.1-50) 
where k is a coefficient (k = PO"o) • 
Sauer et al [133] carried out a detailed study on the yield behaviour of PTFE. 
They found that in the case of a tensile stress super-imposed on a 
hydrostatic pressure the tensile yield stress is a linear function of the 
pressure, i.e. 
(KPa) (4.1-51) 
where O"yt is the tensile yield strength on hydrostatic pressure, O"N is the 
hydrostatic pressure (negative), O"Ot is the tensile yield strength at zero 
hydrostatic pressure, while in the case of compressive stress super-imposed 
on a hydrostatic pressure, the compressive yield strength O"yc was found to 
correspond to the expression: 
(KPa) (4.1-52) 
where O"yc is the compressive yield strength on hydrostatic pressure, O"oc is 
the compressive yield strength at zero hydrostatic pressure. 
However, for anisotropic polymer materials, the stress most likely to affect 
the yield behaviour is the stress normal to the orientation direction, 
therefore, in the present work, the yield stress O"yc can be expressed as 
(KPa) (4.1-53) 
where O"y is the normal stress (compressive) in y axis direction. 
Substituting O'yc with 0'1-0'3' the following equation describing the yield 
behaviour of PTFE during extrusion through a convergent-divergent die is 
obtained: 
(KPa) (4.1-54) 
In order to find the compressive yield strength O'oc for the material used in 
the present work, compressive tests were carried out with rectangular 
specimens of 10mmx10mmx25mm at room temperature. The stress-strain 
curves for PTFE is shown in Fig.4.6. From this figure the value of 20 MPa 
'can be taken as the compressive yield strength of PTFE at room 
temperature, i.e. O'ac = 20000 (KPa). 
Substituting this value into Equation (4.1-54) the yield criterion for PTFE in 
. the present work is obtained: 
(KPa) 
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However the yield strength of polymer materials strongly depends on 
temperature, therefore, before any calculation for the extrusion at higher 
temperatures can be carried out, the relation of yield stress to temperature 
needs to be found. 
According to the studies of the dependence of yield strength on 
temperature in the literature (134), the relationship between yield strength 
O"o(T) and temperature T for PTFE at both tensile and compressive 
conditions can be generally expressed as (Fig.4.7): 
log [0"0(T)] = A - B T (4.1-55) 
where O"o(T) is the yield strength at temperature T, A and B are constants to 
be determined, T is temperature. 
By a linear regression procedure on the data from the two curves shown in 
Fig.4.7, the following linear equations are obtained: 
For tensile data 
log [O"o(T)] = 4.0481392 - 0.00332T (4.1-56) 
For compressive data 
log [O"o(T)] = 4.72803 - 0.00326T (4.1-57) 
where 0"0 is the yield strength (KPa), T is the temperature (OC). 
From these two equations, it can be seen that the slopes of the two curves 
are almost equal to each other, 50 that the assumption of same temperature 
dependence of tensile and compressive yield strength can be made. 
Therefore, for PTFE the following equation is applicable for both tensile 
and compressive yield strength: 
log [O"o(T)] = A - 0.0033 T (4.1-58) 
The above equation can be rewritten as: 
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0"0 (1) = A' exp[ - 0.0076 (T - 25 ) ] (4.1-59) 
where A' is a constant equal to the yield strength at room temperature 
(25°C). 
Substituting A' with the compressive yield strength at room temperature 
obtained from the compressive tests (0"0c=20MPa) in the above equation, the 
. compressive yield strength-temperature relationship for the PTFE in the 
present work is obtained: 
O"Oc (T) = 20000 exp[ - 0.0076 ( T - 25 ) ] (KPa) (4.1-60) 
where O"oc is the compressive yield strength (KPa), T is the temperature (DC). 
Substituting above equation into Equation (4.1-54), the yield criterion for 
PTFE as a function of temperature is obtained: 
0"1 - 0"3 = 20000 exp [-0.0076(T-25)] - 0.0945 0"3 (4.1-61) 
For natural UHMWPE, the tensile yield strength shown in Fig.4.8 as a 
function of temperature was given by the manufacturer [130]. This curve 
can also be expressed by the following equation as for PTFE: 
log [0"0(1)] = A - B T 
From the data in Fig.4.8, the following regression equation is obtained for 
tensile yield strength: 
log [O"Ot(T)] = 1.45586 - 0.00779 T (4.1-62) 
where 0"01 is the tensile yield strength (KPa), T is the temperature (DC). 
Assume the compressive yield strength has the same temperature 
dependence as tensile yield strength, then both compressive yield strength 
and tensile yield strength can be expressed as: 
log [0"0 (T)] = A - 0.00779 T (4.1-63) 
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or cro <n = A' exp[ - 0.018 ( T - 25 ) ] (4.1-64) 
where A' is the yield strength at 25DC. 
In FigA.6, the experimental compressive stress-strain curve at room 
temperature for natural UHMWPE used in the present work is presented. 
From the curve, the compressive yield strength at room temperature can be 
read as: crOc = 28000 (KPa). 
Substituting A' in Equation (4.1-64) with this value yields the compressive 
yield strength-temperature relationship for natural UHMWPE: 
crOc (T) = 28000 exp[ - 0.018 (T - 25 ) ] (KPa) (4.1-65) 
where croc is the compressive yield strength (KPa), T is the temperature (DC). 
Substituting Equation (4.1-65) into Equation (4.1-54) gives the yield criterion 
for natural UHMWPE: 
crI - cr3 = 28000 exp [-O.018(T-25)]- 0.0945 cr3 (4.1-66) 
II). Friction Coefficient 
The frictin coefficient of polymer materials can be affected by many factors 
such as the load (or pressure), the rubbing speed, the nature of mating 
surfaces, and the temperature. 
For PTFE the coefficient of friction appears to be quite stable with the 
change of temperature [129]. While the classical laws of dry friction predict 
that the friction force is independent of the contacting area, but depends 
only on the load rather than pressure, the investigation carried out by 
Lewis [135] for PTFE suggests that the frictional coefficient f at room 
temperature is proportional to the applied pressure p (Nm-2) according to 
the formula: 
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f= C p-O.2 (4.1-67) 
where c is a constant which has the following values: 
c = 1.03 ± 0.27 at velocities below 1 crn/s 
c = 3.02 ± 0.87 at velocity of 5 crn/s 
c = 3.88 ± 1.30 at velocities 50 crn/s and above 
The friction coefficient of PTFE also depends on the nature of the mating 
surfaces. The study of Steijn [136) showed that sliding of PTFE agaist steel 
gives lower coefficients of friction than sliding bulk PTFE against PTFE. In 
the present study extrusion was carried out at velocities below 1 cm/s, so 
the friction coefficient of PTFE at room temperature in the present work 
can be expressed as the following equation: 
f = 1.03 p.O.2 (4.1-68) 
where p (Nm-2) is the pressure normal to the sliding surfaces. Since the 
friction coefficient of PTFE is stable with the change of temperature, the 
friction coefficient values derived from the above equation at room 
temperature can also be used to high temperatures. 
The friction coefficient of polyethelene can change considerably according 
to grades of the materials, and it is also a function of temperature. In FigA.9 
[137], the friction coefficient of a polyethelene is shown as a function of 
temperature. 
For the UHMWPE used in the present investigation, the friction coefficient 
data as a function of temperature were not found in literature, therefore, 
the calculation for this material is carried out from the experimental 
extrusion forces through a regression procedure to predict the variation of 
coefficient of friction with temperature. The obtained frictional coefficient 
data from different dies can be compared to examine the acceptability of the 
derived data. 
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4.1.5 Numerical Solutions 
1). Solution for PTFE 
300 
In the above analysis, the equilibrium differential equations for the 
different dies have been obtained, i.e. 
For the Dual-Taper Die: 
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(1+8.06f)p 18.07 - 4.45 Y 
cr. 2.5!>y!>5.6 - + (-18.07 + 2.23 y)y y 
dcr. 
-= 
dy (1 +3.62f}p 8.12 - 0.90y 
+ cr. 5.6!>y!>12.5 y (-8.12 + 0.45 y) Y 
For the Expansion Fish-Tail Die: 
2 ( 3 - y ) cr. + ( 1 + 12.5 f) ( 6 - y) P 
(6-y)y 
For the Constant Fish-Tail Die: 
2 Y +62.5 f 
3 P 
Y 
For the Equal Middle Fish-Tail Die: 
= 
In these equations 
p = - coset cry 
(-30y + 40) cr. + (1+ 37.5 f)( -15y + 40) P 
(-15 Y + 40) Y 
(-6y+20)cr.+(1+7.5f)(-3y+20)p 
(-3 y+ 20) y 
where et is the convergent angle of the dies, and 
f = 1.03 p-O.2 
together with the yielding criteria 
crx - cry = 20000 exp[-0.0076(T-25)] + 0.0945 cry 
crz - cry = 20000 exp[-0.0076(T-25)] + 0.0945 cry 
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(4.1-19) 
(4.1-27) 
(4.1-34) 
1 <y<2-
- - 3 
5 
TS;y!>5 
(4.1-43) 
(4.1-69) 
where 
fz 
CJ =-CJ 
z 2y Y 
(4.1-13) 
the above equilibrium differential equations can be solved numerically. 
In the present work, the Runge-Kutta method is applied for the solution of 
the equations. For the differential equation: 
dy dX = f(x, y) 
at the initial condition: 
y Ixo=yo 
the Runge-Kutta method gives the following solution: 
where kJ = h f (xm, Ym) 
h k J k2 =hf(xm+ 2 , Ym+2 ) 
h k2 
k3= hf(xm +2' Ym +2) 
and m = 0, 1, 2, ...... n 
the h here is called steplength. 
At the initial condition: 
CJx I die exit = ° 
the solutions shown in Figures 4.10, 4.11 and 4.12 were obtained, they 
shows the variations of stresses crx and CJz as a function of position in the die 
at different temperatures. 
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The extrusion force can be calculated from stress ax at die entry by the 
following equation: 
(KN) (4.1-70) 
where F is the extrusion force, axe is the x axis stress at the die entry (KPa), 
Aeis the die entry cross section area (m2). In Figures 4.13 and 4.14 the forces 
needed for the extrusion of PTFE through different dies as a function of 
temperature were shown. 
For different dies, the effects of friction coefficient on extrusion forces can 
be different. Figures 4.15 and 4.16 show the effect of friction coefficient on 
extrusion forces at different constant yield stresses for the Dual-Taper Die 
and the Expansion Fish-Tail Die respectively, while in Figure 4.17, the 
influence of friction coefficient on extrusion forces are compared between 
the Dual-Taper Die and the Expansion Fish-Tail Die. It can be seen that the 
effect of friction coefficient on the Fish-Tail Die is higher than on the 
Dual-Taper Die. 
II). Solution for UHMWPE 
For UHMWPE because the friction coefficient is also available at room 
temperature, hence the friction coefficient as a function of temperature was 
calculated by an iterative procedure from the experimental extrusion forces .. 
In Figures 4.18, the experimental extrusion forces for natural UHMWPE 
through different dies are shown. From these data the following regression 
equations can be derived to express the relationship between the extrusion 
force and temperature. 
For the Dual-Taper Die: 
Fe = 21.33925 - 0.21991 T + 0.00061 1"2 (4.1-71) 
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For the Expansion Fish-Tail Die: 
Fe = 31.95563 + 0.02887 T - 0.00133 y2 (4.1-72) 
where Fe is the experimental extrusion force (KN), and T is the temperature 
(DC). 
The friction coefficients are thus calculated by applying the above two 
equations using the same analysis applied to PTFE, the friction coefficient f 
was allowed to vary from the value of 0 to 1 in small steps, and the 
equivelent extrusion forces Fc were calculated for each friction coefficient 
value. Then the calculated forces Fc are compared with experimental 
extrusion forces Fe' the friction coefficient value which makes the smallest 
difference between the calculated extrusion force Fc and experimental 
extrusion force Fe is taken as the friction coefficient of UHMWPE at the 
specified temperature. 
Fig.4.19 shows the calculated friction coefficient of natural UHMWPE both 
from the Dual-Taper Die and the Expansion Fish-Tail Die. The difference 
between the two curves is very small and, therefore, the accuracy of the 
analysis for the mechanics of the process is confirmed. 
The analysis predicts that the coefficient of friction for UHMWPE does not 
change very much with temperature. This is probably a common feature 
for all polymers with very high molecular weight. A similar suggestion has 
been made, for instance, also for observations regarding the lack of 
adhesion for very high molecular weight PMMA (Le. Cast sheets) to steel 
[138]. 
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4.2 ANALYSIS OF SOLID STATE EXTRUSION 
MECHANICS OF CROSS-DIE 
Because of the restrictions imposed by the geometry of this die, several 
possible deformation mechanisms can be stipulated in the solid state 
extrusion of polymer materials through the Cross Die [47]. 
Referring to FigA.20a it can be seen that within the shaded area (crest 
region) the material can deform in both the forward (x-axis) direction and 
the downward (y-axis) direction. While in the unshaded region, i.e. for I y I 
::; a, the material will deform laterally (z-direction) and longitudinally 
(x-direction). 
It can be demonstrated that the plastic deformations in the transverse 
direction (z-axis) within the central region (Fig.4.20c), i.e. I y I ::; a and I z I ::;a 
can be mathematically expressed as 
0" -0" = O"O-AO" z Y I"' Y (4.2-1) 
where o"z is the stress acting on the section I z I = a, O"y is the stress acting on 
the cross section I y I = a, 0"0 is the yield strength of the material and ~ is the 
pressure coefficient for the yield strength. As shown in Fig.4.20c the stress 
O"y acting on the cross section can be expressed by a pressure P2 acting on 
that layer: 
(4.2-2) 
while o"z can be calculated from the force balance in the wings region 
(FigA.20b) of the die ( i.e. at I z I ~ a) as: 
o"z 2a dx = - 2 f (w P2 ) ( z - a) dx 
0" =-z 
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where wP2 is the pressure acting on the "wings" of the die, w is a constant 
associated with post-yielding recovery forces and f is the friction coefficient. 
Since the boundary curve of the Cross Die in the coordinate system shown 
in FigA.20 can be expressed as: 
z=-y+(a+b) (4.2-4) 
stress O'z can be expressed as function of y by substituting Equation (4.2-4) 
into Equation (4.2-3): 
0' =-z 
Substituting O'y with -P2 in Equation (4.2-1) gives 
and 
0'-0' o z 
1 - ~ 
(4.2-5) 
(4.2-6) 
Equation (4.2-6) indicates that once the pressure P2 at the section I y I =a 
reaches the value of (O'o-O'z)/(1-~), transverse deformations will take place. 
The longitudinal deformations, on the other hand, can be expressed as 
0'" - O'y = 0'0 - ~ O'y (4.2-7) 
so that the two possible deformation criteria for the cross-die are 
0' -0' =0' -~O' 
" Y 0 Y 
(4.2-8) 
When (O'x-O'y»P2' the forward deformation mechanism will dominate, 
whereas when P2 >(O'x-O'y) transverse deformations will prevail. 
Substituting Equition (4.2-5) into Equation (4.2-6) 
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(4.2-9) 
and since dp2/ dy < 0, P2 will decrease with increasing y, Le. from the die exit 
to the entry, (Le. P2 is minimum at the entry) whereas, at die exit it is I O"x I 
that reaches the minimum value, which makes (O"x-O"y) reach minimum. It 
can be expected therefore that in the region between the die exit x=O to x=xo, 
where (O"x-O"y)=P2' the criterion (O"x-O"y)=(O"o-~O"y) will apply, while in the 
region between x=xo and the die entry x=L, the applicable criterion becomes 
0" -0" =O"o-~O" x y y 
(4.2-10) 
4.2.1 FORCE BALANCE IN THE REGIONS BETWEEN DIE EXIT AND Xo 
To analyse the balance of forces in this region the following assumptions 
are made (Fig.4.21): 
(a) Over the cross-sections where I z I :s; a, Le. the shaded area, the stress o"x 
is uniform, while over the cross-sections outside the shaded area, i.e. in 
the wings region, the stress O"x is equal to zero. 
(b) The stress ay is constant along the y- and z-directions. 
(c) The stress O"z at the far walls of the wings region is equal to zero. 
(d) The stress O"z is equal to -kp at the side walls of the crest region. 
(e) In the wings region the material experiences a pressure wp in the 
y-direction. 
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Fig.4.21 Balance of Forces in the Area near the Die Exit 
for the Cross Die 
As already explained the constant w is associated with post-yielding 
recovery forces, while k is a constant associated with friction of the 
material for elastic-plastic deformations. 
From the equilibrium of forces in x-direction the equilibrium differential 
equation can be derived as follows. 
The resultant X of all the forces acting in x-direction is equal to zero 
= 4a ( y d C1x + C1x dy) 
X = 2p dx2a_1_ sina: 
P cos a: 
= 4ap tana: dx 
=4ap dy 
(4.2-11) 
(4.2-12) 
(4.2-13) 
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1 dx X f = 2fpdx2a--coscx + 4fkp [(y-a) + (y+dy-a)]T + 
coscx dx 
+4fwp [(z- a) + (z +dz -a)]T 
= 4 f P cota [ a + k ( Y - a ) + w ( b - y ) 1 dy (4.2-14) 
Substituting Equations (4.2-12), (4.2-13) and (4.2-14) into Equation (4.2-11): 
4 a y d o-x + 4 a o-x dy + 4 a p dy + 4 f P cota [ a + k ( y - a ) + 
+ w ( b - y ) 1 dy = 0 
hence 
dcr
x 
acr
x 
+ ap+ fpcotcx [a+ k (y - a) + w (b - y) 1 
--ay=- ay 
4.2.2 FORCE BALANCE IN THE REGIONS BETWEEN Xo 
AND DIE ENTRY (X=L) 
(4.2-15) 
In this region yielding only occurs within the area I y I ::>a, so that the 
applicable criterion is (see Fig. 4.22c): 
Le 
0- -0-
P = 0 z 
2 1 -13 
and no yielding is assumed to take place, on the other hand, within the 
crest region (Le. I y I >a) where only "rigid body" deformations of the 
material (elastic plug) (FigA.22b) in both the forward and downward 
directions are experienced~ 
As shown in FigA.22b the forces acting on the "elastic plug" in the crest 
region are respectively: 
(a) Pressure pz on the side walls, which changes linearly from the value Po 
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Fig.4.22 Balance of Forces in the Area near the Die Entry 
at the top to mpo at the bottom, i.e. 
h-a 
p =mpo+Po( I-m )--
z y-a (4.2-16) 
where m is another friction-related constant, while h is the distance in the 
y-direction from the x axis, and it varies from a to y. 
The stress O"z' therefore, can be expressed as 
h-a 
(j =-p =- mPo-po(l-m)--
z z y- a 
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(4.2-17) 
(b) The stress cry changes linearly from -PI/ cos<x at the crest to -P2 at the 
bottom, i.e. 
PI h- a 
cr =-P2+(P2---)--y cos<x y - a (4.2-18) 
In the crest region (I y I >a), no deformation takes place along the 
z-direction, hence the elastic plug deforms under plane strain conditions, 
Therefore 
cr z \) 
E =----(cr +0' )=0 
z E E x y (4.2-19) 
where E is the elastic modulus and \) is the Poisson ratio. Thus 
cr
z cr =---cr 
x \) y (4.2-20) 
Substituting Equations (4.2-17) and (4.2-18) into Equation (4.2-20) gives the 
following expression 
1 1 PI h - a 
crx= --mpo+p2+ [--( I-m )po-P2+--1-y _a \) \) cos<x 
(4.2-21) 
To obtain the force balance on the rigid plug, consider the element shown 
in FigA.22b. It is clear that the force balance has to be set up for both x- and 
y-directions. 
(i) Force balance in x-direction 
The force components in the x-direction result from the following: 
Pressure PI' produces the x component XPl! i.e. 
2adx 
X = sin <X PI ---PI cos <X 
= tan<x PI 2a cot<X dy 
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= 2 apI dy 
Pressure pz produces the friction force component Xfpz, i.e. 
y 
Xf =25 (fp dx)dh pz z 
a 
=fdx(y-a)( 1 +m)po 
= f ( 1 + m ) Po ( Y - a) cot a dy 
Pressure PI' produces the friction force component Xfpv i.e. 
Xf =fpI2adxcosa-
I
-
PI cosa 
=2 afpI cotady 
The force Xcrx is derived from crx ' i.e. 
y+dy y 
X = 5 2 a (cr + dcr ) dh - f 2 a cr dh (J'x x x x 
a a 
Y y+dy y+dy Y 
(4.2-22) 
(4.2-23) 
(4.2-24) 
= 5 2acrxdh+ f 2acrxdh + f 2adcrxdh - 52acrxdh 
a y a a 
y+dy y+dy 
= 5 2acrxdh + 5 (2adcrx)dh (4.2-25) 
y a 
From equation (4.2-21) 
m I-m h-a h-a 1 h-a 
dcrx= [--- .]dpo+ (I--) dP2+---dPI U U Y - a Y - a cos a y - a 
1 - m PI h - a 
- [ - Po - P2 + --] 2 dy 
u cosa (y - a) 
(4.2-26) 
Substituting Equation (4.2-26) into Equation (4.2-25) and ingrediating 
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m I I-m PI 
X crx =2a {(--U-PO+P2)dy+ 2(y-a) (--U-PO-P2+-co-s-a)X 
2 2 m I-m 2 [(y+dy-a) - (y-a) ] - - dPO (y+dy-a) - dPO (y+dy-a) + 
U 2(y-a)u 
2 2 (y+dy-a) d (y+dy-a) d dy (y+dy-a) dP2 - -;:,...,.-:....-~ P2 + PI - X 
2 (y - a) 2(y-a) cosa 2(y-a/ 
I-m PI 2 (---po-p2+--)(y+dy-a) } (4.2-27) U cosa 
Neglecting high order infinitesimals, the above equation becomes 
m I-m PI 
X =2a [(--Po+ P2 )dy + (---po- P2+--) dy-
crx u u cosa 
I+m PI I+m 
=a[(- Po+P2+--)dy- (y-a)dpo+ 
u cosa u 
(4.2-28) 
Since 
X = XPI + Xfpz + XfpI + Xcrx = 0 
then 
2aPI dy + f(l +m) (y-a) Po cotady + 2afp I cota dy + 
l+m PI l+m 
a(- Po+P2+--)dy- (y-a)adpo+ 
u cosa u 
(4.2-29) 
and, therefore 
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1 ( a(2+2fcota; + --) PI + aP2 + (1 +m)[ fey-a) cota;-
cos a; 
a] ) d a(l+m) ( )d a(y-a) d 
- Po y- y-a Po+ PI + U u cos a; 
From equation (4.2-9) 
acrowfdy 
dp = -----'-----
2 [ (1 _ 13 ) a - w f ( b _ Y ) ]2 
wfP2 dP2 = ------=---dy 
(l-I3)a-wf(b-y) 
Substituting equation (4.2-31) into equation (4.2-30) gives 
1 wf(y-a)p 
{ a ( 2 + 2 f cota; + --) PI + a [ 1 - 2 ] P2 + 
cosa; a cro 
a a(l+m) (1 +m) [f(y-a)cota; - -] Po ) dy - (y-a) dpo + 
a ( y - a) dP
I 
= 0 
cosa; 
u u 
(H) Force balance in the y-direction 
(4.2-30) 
(4.2-31) 
(4.2-32) 
The force components in the y-direction arise from the following: 
The pressure PI' produces the y component YPI i.e. 
2adx 
Y Pt = -cosa; P1---
cos a; 
= - 2a PI dx 
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= -2 a cota PI dy 
The side wall pressure pz creates the friction forces i.e. 
The pressure P2 causes Yp2 i.e. 
= 2 a cota P2 dy 
Pressure PI produces the friction force YfPI i.e. 
2adx Y41 =fPI sina 
cos a 
= 2a f tana cota PI dy 
=2afp l dy 
(4.2-33) 
(4.2-34) 
(4.2-35) 
(4.2-36) 
From the equilibrium of forces the following equations are obtained 
i.e. 
Hence 
Y=YPI + YfPz+ YP2 +YfpI =0 
- 2 a cota PI dy + f ( 1 + m ) ( y - a ) cota Po dy + 
2 a cota P2 dy + 2 a f PI dy = 0 
2 a (cota - f) PI - 2 a cota P2 
f( 1 + m)( y - a)cota 
·2a(cota- f) 
dpo = --:....--.:..-
f(l+m)cota 
(y-a)dpI - Pjdy 
(y - a / 
121 
2a 
f(l+m) 
(4.2-37) 
(4.2-38) 
(4.2-39) 
(y-a)dp2 - P2dy 
(y - a / 
= 2a(cota-f) dPI - f(I 2a)( ) dP2+(P2-f(I+m)cota(y-a) +m y-a 
cota - f) 2 a d 
PI 2 Y 
cota f(I+m) (y-a) 
(4.2-40) 
Substituting Equation (4.2-31) into Equation (4.2-40) yields 
2 
2 a ( cota - f) 2 W P2 cota - f ) dpo= dPI + [ + (P2 - PI x f(l+m)cota(y-a) (I+m)(y-a)0"0 cot a 
2 a ] d 
2 Y 
f (1 +m) (y-a) 
(4.2-41) 
Substituting Equation (4.2-41) into Equation (4.2-32) results in the 
following differential equation: 
dPI f(y-a)cota 1 1 dy = {(l+m)[-~-----]po+ [2+2fcota+--+ 
2 a (cota - f) 
fucota (y-a) 
[ 2a(cota-f) 
a u cosa 
2a 2a+fu(y-a) ] PI - [ - 1 +----"---'-W P2] P2l1 fu(y-a) 
y-a 
--"--] (4.2-42) 
f u cota cos a 
From the differencial Equations (4.2-15) and (4.2-42), using the criteria 
shown in Equation (4.2-10), the stresses variation can be calculated by 
numerical methods. 
In performing the calculation the following initial conditions are 
stipulated: 
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At the die exit x=O, O"x = 0, while at x = Xo O"x I xo-dx = O"x I xo+dx 
The extrusion force can then be obtained by integrating over the entire 
cross section area, i.e. 
F = J O"J"tJy ds (4.2-43) 
s 
where F is the extrusion force, O"x I entry is the value of stress O"x at die entry 
and s is cross section area of die entry. 
4.2.3 THEORETICAL PREDICTIONS 
In Fig.4.23, the stress O"x and crz variation at different temperature along 
extrusion axis x for PTFE is plotted. While Fig.4.24 shows the O"x' O"y and 
pressure P2 variation at room temperature for PTFE in the Cross Die. The 
criteria changing position for PTFE is shown in Fig.4.25. 
The extrusion forces for polymer extrusion are plotted as a function of 
temperature in Fig.4.26. The effect of friction coefficient on extrusion force 
is shown in Fig.4.27. 
For natural UHMWPE, the friction coefficient shown in Fig.4.28 was 
obtained as a function of temperature. In the calculation, the experiment 
extrusion forces shown in Fig4.18 was used as a form of regression 
equation: 
Fe = 21.89049 - 0.05772 T - 0.00039 T2 (4.2-44) 
where Fe is the regression experiment extrusion force (KN), T is the 
temperature (OC). 
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4.3 COMPARISON OF THE ANALYSIS RESULTS FOR DIFFERENT DIES 
Fig.4.29 shows the extrusion forces as a function of temperature for PTFE 
through different dies. It can be seen that the Fish-Tail Dies requires the 
highest forces to perform the extrusion among all the dies discussed here, 
while Dual-Taper Die requires the smallest force and Cross Die lies between 
the Fish-Tail Dies and Dual-Taper Die. 
Of the two Fish-Tail Dies, the Constant Fish-Tail Die needs higher forces, 
and the Expansion Fish-Tail Die requires the lowest forces, while the Equal 
Middle Section Fish-Tail Die lies between them (see FigA.14). 
In Fig.4.30 the friction effects on extrusion forces for different dies are 
compared. The Cross Die is found to be very sensitive to friction coefficient, 
but within the friction coefficient range from 0 to 0.5, the Expansion 
Fish-Tail Die needs higher forces. 
The friction coefficients of natural UHMWPE obtained for different dies are 
shown in Fig.4.31 as a function of temperature. It is seen that the difference 
between them is very small, especially for the Fish-Tail Dies and the Cross 
Die, which confirms the validity of the analysis. 
130 
45,-------------------------------------, 
40 0 Dual-Taper Die 
\ ---tr- Cross Die 
\ -*-- Expansion Fish-Tail Die 
35 \ 
\ 
\ 
30 \ Z \ e \ 
Q) \ C,) 25 M 
& "-
"-I=l 
"-0 
.... 20 \X Ul 
::I \ 
M \ ..., 
~ \ 
r.:l 15 ~ "-
" 
"-~ 
,,"'-.. 
" 
0 " 10 
"'-.." 
...... 
~ ...... 
------5 o ---___ 
--
O+---------r-------~--------~------~ o 50 100 150 200 
Temperature (OC) 
Fig.4.29 Calculated and Experimental Extrusion Forces for PTFE 
131 
lODDOO~---------------------... 
--- <10=10 MPa 
10000 --- <10 = 5 MPa 
1000 
Z 
~ 
., 
Cl ,.. 
r2 100 
= 0 
-
., 
~ ,.. 
.... 
H 
r<l 
--
--
--
--
--
--
--
-
10 Dual-Taper Die 
1 
D.l+---~"""---"""'----T'""----r-----I 
0.0 0.1 0.2 0.3 0.4- 0.5 
Friction Coefficient 
Fig.4.30 Extrusion Force as Function of Friction Coefficient 
at two Yield Stress Levels 
132 
0.50,---------------------------------------~ 
0.45 
0.40 
0.35 
"El 
.~ 0.30 
C) 
.... 
~ 8 0.25 
~ 
o 
.... 
13 0.20 
.... 
~ 
0.15 
0.10 
0.05 
------
Dual-Taper Die 
Cross Die 
Expansion Fish-Tail Die 
- --
- - ----
.-::::::-;::--- ~ 
~ " 
0.004-----~----~----~----~----r_--~~--~ 
20 40 60 60 100 120 140 160 
Temperature (OC) 
Fig.4.31 Comparison of the Friction Coefficients of Natural 
UHMWPE Calculated from Different Dies 
133 
4.4 ANALYSIS OF MELT STATE EXTRUSION THROUGH 
THE DUAL-TAPER DIE 
To examine the flow characteristics of high viscosity polymer melts (such 
as UHMWPE) at the temperatures just above the melting points through 
the dies in question, extrusion experiments on a carbon-black filled 
natural-rubber unvulcanised stock were carried out at room temperature. 
In this section the factors affecting the extrusion pressure is analysed and 
the extrusion force is calculated. 
4.4.1 FLOW OF POLYMER MELTS IN RECTANGULAR DUCTS 
In many practical situations the flow encountered can be very complex. But 
often a complex die system can be devided into several simpler parts for 
which there are well established analytical solutions. After the simplified 
flows are solved, the constituent solution can be combined to become an 
overall solution. Analysing the extrusion process through the Dual-Taper 
Die (Figure 4.32), it can be assumed that the flow can be devided into 
y 
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........ "" 40-
--L 
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Fig.4.32 Coordinate System Applied in Melt State Extrusion 
in the Dual-Taper Die 
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infinitesimal slit-flows of rectangular sections normal to x axis. Since the 
cross-section area is constant along the flow path there is no acceleration 
taking place and, therefore, the rate of change of momentum is also zero. 
This means that the C-D dies can be treated as a mono dimensional flow. 
Synthesizing the constituent solutions in the rectangular sections, the 
solution for the extrusion through the die is obtained. For power law 
materials (i.e. the materials whose shear behaviours follow the power law 
't=kyn), under the condition of laminar, fully developed flow, the 
relationship between volumetric flow rate Q and pressure drop L1P for 
rectangular duct can be expressed as [139]: 
1 
Q= S WH\ HL1p )-;; (4.4-1) 
p 2kL 
where W, Hand L are the width, height and length of the rectangular 
section respectively, k is the power law viscosity function, n is the power 
law exponent index, Sp is a shape factor which is a function of both 
width-height ratio W /H and power law exponent index n, as shown in 
Fig.4.33 [139]. For a rectangular section with small length dx, the pressure 
drop dp will be: 
dp =~( Q )ndx (4.4-2) 
H SWH2 
p 
For an incompressible fluid, the volume flow rate Q is a constant at every 
cross section of a die, therefore it can be expressed as: 
(4.4-3) 
where Ae is the entry cross section area of the die, Se is the extrusion speed. 
Substituting Eq.(4.4-3) into Eq.(4.4-2) gives the following equation: 
2k AS dp=--( c e )ndx 
H S WH2 
(4.4-4) 
P 
For the extrusion experiments carried out in this work, Ae and Se have the 
following values: 
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Ae = 25 x 5 = 125 mm2 
Se = 30 (mm/min) = 0.5 (mm/s) 
therefore 
4.4.2 RHEOLOGICAL PROPERTIES 
(4.4-4a) 
To obtain the flow properties of the rubber compound used, rheological 
experiment was carried out on a rheometer at temperatures 40oC, 50oC, 
60oC, BOoC, 1000C and 1200e. A capillary with 2 mm in diameter, and 
length-diameter ratio of 2S was used in the experiment. Because of the high 
length-diameter ratio of the capillary used, the Bagley correction was not 
applied. However, the Robinowitch correction was employed in the 
treatment of data. Fig.4.34 shows the flow curves of the rubber compound 
at the temperatures used. It can be seen that the flow behaviour of the 
sample follows the power law very well. By a regression analysis of the 
experiment data, the power law viscosity function k and the power law 
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exponent index n were obtained as a function of temperature. In FigA.3S 
the power law viscosity function k is plotted against temperature. This 
figure shows a rapid decrease of k with temperature, especially at low 
temperatures. By extrapolation, the power law viscosity function k at 250C 
can be read from this curve to be: 
k=400 (KPa SO) (4.4-5) 
FigA.36 shows the relation of power law index n to temperature. With the 
decreasing of temperature, the index decreases, at the temperature of 2SoC, 
n reaches to a value of about 0.21, Le. 
n =0.21 (4.4-6) 
Therefore, at 2SoC the rubber compound has the following flow behaviour: 
't = 4ooyO.21 (KPa) (4.4-7) 
where 't is the shear stress (KPa), 'Y is the shear rate (s-l). 
4.4.3 SHAPE FACTOR 
From FigA.33 it can be observed that at high values of the exponent index 
n, the shape factor is not so strongly dependent on the width-height ratio, 
and is almost independent of the index n. But with the decreasing of the 
index n, i.e. increasing the non-Newtonian flow behaviour, the 
dependence of shape factor on both the index and width-height ratio 
increases rapidly. The index n of the rubber in the extrusion experiment 
carried out in the present work falls within the high dependent range of 
shape factor on width-height ratio. Therefore in low temperature extrusion 
operations, Le. just above the melting point of the polymer, the pressure 
drop and, therefore, extrusion forces can be very sensitive to the shape of 
the die. From FigA.33, at a certain value of n, the shape factor Sp can be read 
as a function of the ratio of width to height of a cross section. In FigA.37 
such obtained shape factors for n=0.21 are plotted versus the ratio of width 
to height W /H. According to these data, the following polynomial is 
proposed to express the relation of shape factor to W /H: 
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(4.4-8) 
where a, band c are constants. By a polynomial regression analysis on the 
data read from Figo4.37, the following result is obtained for n=0.21: 
W W .;J. 
logSp = -3.1S + 4. 14 log (---w-) - 236 [log(---w-) J (4.4-8 a) 
or 
W W 2 
Sp =exp [2.3026[-3.1S + 4.l4Ioglf"-2.36(loglf) 1 } (4.4-8b) 
In Figo4.37, the continuous curve is plotted from Eq.(404-8), it can be seen 
that the curve fits the data read from Figo4.33 very well. 
404.4 SOLUTION FOR MELT FLOW THROUGH THE DUAL-TAPER DIE 
Substituting Eq.(404-S), Eq.(404-6) and (4.4-8b) into Eq.(4.4-4a), the differential 
equation below is obtained for the rubber compound at room temperature: 
dp = 800 [ 62.S ] 0.21 
~ H W W~ WHexp{ -2.3026[-3.1S+4.141oglf-2.36(loglf) J} 
(4.4-9) 
To solve this equation the width Wand the height H of the die need to be 
expressed as functions of the length x of the die. It is necessary here to make 
it clear that the ratio of "width" to "height" should always satisfy the 
condition: 
W H""~ 1 
Therefore, for the convergent-divergent die used here, the ratio of width to 
height will change from 5 at die exit to 1 at the middle of the die, and then 
from 1 at the middle to 5 at die entry (See FigA.32), i.e. from die exit to the 
middle of the die: 
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W=2z H=2y 
while from the middle to the die entry: 
W=2y H=2z when L 2~x~L 
(4.4-10) 
(4.4-11) 
From geometric considerations in Fig.4.32, y and z can be expressed as 
function of x by the following equations: 
c-a 
y =-l-x+a= 0.124x+2.5 
b-c 
z=-Tx+b= -0.276x+12.5 
Irc y = -l-(x-l)+c = 0.276(x -25)+5.6 
c-a 
z = --l-(x-l)+c= -0.124(x-25)+5.6 
L OS;x~ (4.4-12) 
(4.4-13) 
Combining Eqs.(4.4-10) to (4.4-13), the expressions for the "width" and the 
"height" of the die as a function of distance in x axis become: 
-0.552x+25 0S;xS;25 
W= (4.4-14) 
0.552(x -25)+ 11.2 
0.248x+5 
H= (4.4-15) 
-0.248 (x -25)+ 11.2 
Because of the complexity of Eq.(4.4-9), an analytical solution for it is 
impossible, but the equation can be solved numerically. In the analysis of 
solid state extrusion, the zero exit pressure (i.e. O"x= 0 at die exit) was 
assumed. But for melt state extrusion, the pressure drop Ph in the 
rectangular ducts, i.e. sizing section, below the convergent-divergent 
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section (shaping section) of the die (see Fig.3.6) may reach a quite high 
value. Hence when solving Eq.(4A-9), this pressure drop need to be 
considered as initial pressure,i.e.: 
P Ix=O = Pb (4.4-16) 
where Pb can be calculated as follows 
2k~ ( Q )n 
Hb S W H2 
p b b 
(4.4-17) 
where Lb, Hb and Wb are the length, height and width of the bottom 
(sizing) section respectively (see Fig.3.l). The shape factor for this duct 
(Wb/Hb = 5 ) can be calculated from Eq.(4A-8b). 
SpIWIH=5 = 0.038 
Therefore 
P = 2x400x50 ( 62.5 )G21 = 9800 (KPa) 
b 5 0.038x25x52 
Solving Eq.(4A-9) at the initial condition of Eq.(4A-16) with the 
Runge-Kutta method, the total pressure drop P during the extrusion of the 
rubber compound at 250C through Dual-Taper Die was obtained. 
P = 23000 (KPa) 
The extrusion force F is then calculated, i.e. 
-6 F=pA
e
=23000x25x5x10 =2.875 (KN) 
Comparing the above calculated value with the recorded extrusion force of 
3 KN in the experiment at room temperature through the Dual-Taper Die, 
it is seen that the experimental results compare well with the calculated 
values. In FigA.38, the calculated pressure drop is plotted as· a function of 
distance x. In this figure, the calculated stress variation for natural 
UHMWPE extrusion through the Dual-Taper Die at 1500C is also presented, 
which is calculated by the plastic analysis method disscusedearler. 
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CHAPTER 5 RESULTS AND DISCUSSION 
5.1 DEFORMATION MECHANISM 
5.1.1 EXTRUDATES GEOMETRY THROUGH DUAL-TAPER DIE 
Plate 5.1 shows some of PTFE extrudates through the Dual-Taper Die 
produced at an extrusion speed of 50 mm/min, and extrusion temperatures 
of 250C (left), 1000C (middle) and 2000C (right) respectively. An examination 
of the grid pattern at the front section of the extrudate, on the left hand side 
. of Plate 5.2a, reveals that lateral drawing has occurred through a twist in 
the x-z plane as shown in Fig.5.lb rather than as in Fig.5.la. This arises as a 
result of the small expansion in cross-section area of the die (about 12%) 
between the entry and the middle section, and again between the middle 
section and the exit. In other words the free space available between the 
side walls of the die and the edge of the extrudate, as it advances through 
the shaping section of the die, causes the front end to tilt side ways. The 
fairly large slenderness ratio (Le. height/thickness ratio = 5) of the material, 
which creates a degree of instability in the vertical direction, may also be a 
reason for the twist. One of the considerations in the design of the Fish-Tail 
Die was to provide a heigher shape stability to prevent twisting by 
introducing a slenderness ratio of 1. 
This suggests that had it been possible to maintain the cross-section truely 
constant by means of curvilinear converging-diverging walls, such a tilt 
would have been prevented and a larger amount of transverse orientation 
could have been achieved. 
By examining the extrudates at different temperatures carefully, it can also 
be seen that, with increasing temperature, the degree of twist suffered by 
the material is reduced, i.e. the deformation is closer to that shown in 
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Fig.S.1a. This is due to the yield stress decreasing faster than the coefficient 
of friction with increasing temperature. Considering, on the other hand, 
the deformation in the extrusion direction, it can be seen that there is 
almost no elongation along the extrusion direction, confirming that 
deformations have taken place under the "pure shear" conditions. 
In Plate 5.3, the specimen on the left shows the type of deformation for 
green UHMWPE during extrusion through Dual-Taper Die; the 
temperature used was 130oC. From an ispection it is clearly revealed that 
the extrudate deformed exactly according the geometry depicted in Fig.5.1a, 
Le without undergoing a rotation. Note that at this temperature the 
material is nearly in melt state, and can be.deformed quite easily without 
twist. 
By checking the length of the extrudates, it is found that some elongational 
deformation has taken place, however, during extrusion. Table 5.1 shows 
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the comparison of the width of extrudates and the die exit width. In this 
table, the width of the die at the intersection of predicted position for the 
change in yield criterion is also listed. It is found that the width of 
extrudates always lies between the width of die exit and of the intersection. 
It is also found that the width of extrudates slightly increases with 
temperature. 
Material 
PTFE 
Natural 
UHMWPE 
Table 5.1 Width of the Dual-Taper Die Extrudates 
in Relation to Extrusion Temperature 
Extrusion Width of Width of Die at Width of Die 
Temperature (0C) Extrudate (mm) Intersection (mm) at Exit (mm) 
25 23.9 22.8 2S.0 
100 24.0 22.8 2S.0 
200 24.8 22.8 2S.0 
SO 23.S 22.3 2S.0 
80 23.6 22.3 2S.0 
100 23.6 22.3 2S.0 
130 24.S 22.3 2S.0 
ISO 24.6 22.3 2S.0 
5.1.2 EXTRUDATES GEOMETRY THROUGH THE CROSS DIE 
Plate 5.4 shows some typical extrudates through the Cross Die. It can be seen 
from these photographs that stretching has occrred in both lateral and axial 
directions during extrusion. The relative magnitude of these two 
deformations is strongly dependent on the temperatures used. For green 
UHMWPE, Plate 5.4b shows, for instance, that the material was stretched 
most in extrusion direction at 100GC, while the material was more stretched 
in lateral direction at 50Ge. In Plate 5.4a, the extrudates at high temperatures 
(1300C and 150GC) show that melt flow has occured during the process, with 
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the material at centre flowing fast than the materials at sides, in other 
words, suggesting that melt flow analysis could be applicable. This can be 
seen from FigA.3S which shows the similar variation of stress O'x with 
distance for the two approaches: melt flow with low power law index n 
(plug flow) and plasticity deformation with low yield stress values. 
Examining - the extrudates along the direction of extrusion, it can be 
observed that at low temperatures, the extrudate splits in the middle 
during extrusion, as shown in Plate 5.2b, but at higher temperatures this 
does not occur. For both PTFE and ultra high molecular polyethylene, 
splitting was not observed at 1000C and above (see Plate 5.2a). This is also 
revealed by a sudden drop in the extrusionforce (Fig.5.S) as the material can 
deform freely in the longitudinal direction without the constraints of the 
yield stress. 
Plate 5.2a shows the deformation of the material in the shaping section of 
the Cross Die. It can been seen that the material at middle undergoes a 
larger transverse stretching than the surface materials, giving a gradually 
increasing stretching ratio from the surfaces to the middle. 
In Table 5.2 the width of the Cross Die extrudates and the width at the 
predicted criterion change intersection are compared. 
5.1.3 EXTRUDATES GEOMETRY THROUGH THE FISH-TAIL DIES 
Typical extrudates of the Fish-Tail Dies are shown in Plate 5.1, where 
natural UHMWPE were extrudated at lOOoC (left), 1300C (middle) and 1500C 
(right) respectively. 
In Table 5.3 the width of extrudates through both the Expansion Fish-Tail 
Die and the Constant Fish-Tail Die are listed. It can be seen that PTFE 
extrudates have smaller width than the UHMWPE extrudates. The width 
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Table 5.2 Width of the Cross Die Extrudates in Relation to Extrusion Temperature 
Material Extrusion Width of Width of Die at Width of Die 
Temperature (oC) Extrudate (mm) Intersection (mm) at Exit (mm) 
25 23.3 21.0 25.0 
PTFE 100 23.5 21.0 25.0 
200 23.6 21.0 25.0 
50 23.1 20.5 25.0 
Natural 100 23.4 20.5 25.0 
UHMWPE 130 24.3 20.5· 25.0 
150 24.4 20.5 25.0 
of the die at intersection position for the changing criterion is larger than 
the actual width of PTFE extrudates, while, for UHMWPE the intersection 
value is smaller that the extrudate's width. The width of extrudates 
increases with increasing temperature for both PTFE and UHMWPE. For 
UHMWPE, the changes are quite large compared with PTFE owing to the 
temperatures used for UHMWPE extrusion ranging from below melting 
point to above the melting point: 
In Fig.5.2 the longitudinal and transverse extrusion ratio's of the PTFE 
1500C extrudates through the Expansion Fish-Tail Die are plotted. It can be 
seen that the longitudinal draw ratio reaches the minimum at about the 
middle of the die, which is caused from the area expanding of the die at 
that position. At the sizing section (from 0 to -30 mm in Fig.5.2), the 
longitudinal draw ratio increases slightly while the transverse ratio tends 
to drop. Fig.5.3 shows the draw ratio's of UHMWPE extrudate. In the sizing 
section, the ratio's are constant compared with the PTFE extrudates. It can 
also be found that in the case of PTFE the draw ratio in the width direction 
only reaches the value of 3.7, while the lateral stretch ratio for UHMWPE is 
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about 4.9. 
In Fig.5.4 the actual cross section area variation along the die axis of the 
Expansion Fish-Tail Die is compared with the variation of the extrudate 
cross section area for 1500C natural UHMWPE. It is found that the cross 
section of area of the extrudate is somewhat less than that of the die, which 
is associated with the smaller than allowable lateral draw ratio [11]. 
Table 5.3 Width of the Fish-Tail Die Extrudates in Relation to Extrusion Temperature 
Material Extrusion Width of Width of Die at· Width of Die 
Temperature(oCj Extrudate (mm) Intersection (mm) at Exit (mm) 
Expansion Fish-Tail Die 
100 39.0 40.8 50.0 
PTFE 150 39.5 40.8 50.0 
200 40.0 40.8 50.0 
80 41.0 39.3 50.0 
100 44.5 38.7 50.0 
Natural 120 47.5 38.2 50.0 
UHMWPE 130 48.0 38.7 50.0 
140 47.8 38.7 50.0 
150 49.0 39.8 50.0 
Constant Fish-Tail Die 
100 36.0 34.7 50.0 
PTFE 150 37.5 34.7 50.0 
200 38.0 34.7 50.0 
Natural 100 44.0 32.7 50.0 
UHMWPE 130 47.0 32.7 50.0 
150 48.5 33.7 50.0 
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50 
5.2 EXTRUSION FORCES 
During the extrusion process, the extrusion forces were recorded as a 
function of displacement. Because of the discontinuity in the feeding, the 
forces corresponding to every sample were recorded seperately. Fig.5.5a to 
Fig.5.5c show the extrusion force as a function of the displacement of the 
piston for the first five consecutive feed samples for PTFE extruded at 250C 
and at an extrusion speed of 25 mm/min. It is seen that during the first 
stage, the force keeps increasing as the sample is deformed to enter the die. 
During the second process on the other hand, the force reaches very rapidly 
the level of that at the end of the first stage as the second sample becomes 
contact with the previous one. The force then continues to increase as it 
forces the first sample to pass through the die. Near the end of the second 
stage the force reaches a maximum when the first sample is being pushed 
out of the die. From the third sample on, the forces reach a steady level at 
the very begining on the contact with the previous samples. The forces 
decrease slightly as the process reaches a steady state, which is the result of 
the decreasing of frictional force between sample surface and die wall as it is 
the dynamiC coefficient of friction that is becoming operational. 
When the first sample emerges through the die, the extrusion process can 
be regarded as a continuous steady state operation. By combining Fig.5.Sa to 
Fig.5.5c, the continuous load versus displacement plot can be drawn, as 
shown in Fig.5.6. In this figure, the forces for the extrusion of PTFE at 
temperatures lOOoC and 2000C are also shown. It is clear that, from this 
figure, the forces for steady state extrusion of PTFE at temperatures 2SoC, 
1000C and 2000C can be read as 10.0 (KN), 5.5 (KN) and 3.0 (KN) respectively. 
In Table 5.4, the forces recorded in the various extrusion experiments in the 
present work are listed. It can be seen that, with the increasing of 
temperature, the loads decrease rapidly, which can be attributed to the 
decreasing yield stresses of the materials. Fig.5.7 illustrates the extrusion 
force for UHMWPE, for which the same explanations apply. 
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Fig.5.B shows the curves of extrusion forces versus displacement for PIFE 
extrusion through the Cross Die. The periodic sudden drops in the force 
versus displacement curve at 250C corresponds to the onset of internal 
fracture in the bulk of the sample. At 1000C the graph is quite smooth, 
indicating that no fracture takes place during the extrusion process. 
In Table 5.4, the working force for extrusion through the Cross Die of all the 
materials used are listed. From this table, the conclusion can be made that 
the forces for extrusion through the Dual-Taper Die are lower than those 
. for the Cross Die, and that the forces for the extrusion of UHMWPE are 
higher than those for PTFE at temperatures below the melting points. 
The extrusion forces through the Fish-Tail Dies are listed in Table 5.4, 
while Fig.5.9 shows the extrusion forces record for UHMWPE extruted at 
1300C through both Expansion and Constant Fish-Tail Dies. It is seen that 
the Constant Fish-Tail Die develops higher extrusion forces than the 
Expansion Fish-Tail Die. 
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5.3 COMPARISON BETWEEN THEORETICALLY PREDICTED 
EXTRUSION FORCES AND EXPERIMENT ALLY RECORDED FORCES 
Figs.S.lO and 5.11 show the predicted extrusion forces and the experiment 
forces for the Dual-Taper Die, the Cross Die and the Fish-Tail Dies as a 
function of temperature. It is clear that the predicted values compares well 
with the experiment data. 
In Fig.S.12, the friction coefficient of natural UHMWPE is given by the 
manufactureer as functions of loading pressure and sliding speed. 
Comparing this figure with the predicted values shown in Fig.4.3l, it is 
found that they lie in the same range. 
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Table 5.4a Experimental Extrusion Forces for PTFE (KN) 
PTFE 
Dual-Taper Die 
~ (~m/min 25 100 200 
25 10.0 5.5 3.0 
50 10.5 5.5 3.5 
Cross Die 
~ (~m/min 25 100 200 
25 14.5 8.5 4.5 
50 15.0 9.0 4.5 
Exapnsion Fish-Dail Die 
~ (~m/min 100 150 200 
25 20.0 13.5 9.0 
Constant Fish-Tail Die 
~ (.;'m/min 100 150 200 
25 29.0 22.0 16.0 
164 
Table 5.4b Experimental Extrusion Forces for UHMWPE (KN) 
NATURAL UHMWPE 
Dual-Taper Die 
~ (~m/min) 50 80 100 130 150 
25 12.0 7.2 5.6 3.2 1.8 
Cross Die 
~ (~m/min 50 80 100 130 150 
25 18.0 15.0 . 12.0 8.0 4.5 
Exapnsion Fish-Dail Die 
~ (~m/min 80 100 120 130 140 150 
25 26.0 21.0 16.0 14.0 10.6 6.0 
Constant Fish-Tail Die 
~ (~m/min 100 130 150 
25 31.0 20.0 9.0 
GREEN UHMWPE 
Dual-Taper Die 
~ (~m/min) 50 100 130 150 
25 11.0 6.0 3.0 1.5 
Cross Die 
~ (~m/min) 50 100 130 150 
25 16.0 11.5 6.5 4.0 
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5.4 BIREFRINGENCE 
5.4.1 RELATIONSHIP BETWEEN BIREFRINGENCE AND DRAW RATIO 
Stretching a polymer material at a temperature below the melting point can 
cause molecular orientation of the material in the stretching directions. 
The resulting orientation is an increasing function of the draw ratio, i.e. 1/10 
I (final length/original length) . 
In the present work the relationship between birefringence and draw ratio 
for the materials employed was investigated at room temperature. 
Specimens, 40 Jlm thick and 5 mm wide, were stretched along their length 
at room temperature to various draw ratios. The purpose of these 
experiments was a). to compare birefringence of PTFE with UHMWPE in 
simple monoaxial orientation so that better judgement can be made for any 
differences obtained in the extrudates from C-D dies; b). to have reference 
values to judge the magnitude of the birefringence values obtained on 
extrudates. 
The width of the stretched specimen was measured with a contour 
projector. If the volume of a specimen does not vary during stretching, 
then the thickness of a stretched specimen can be calculated from the 
measured width as follows 
(5.4-1) 
where t , wand I are the thickness, width and the length of the stretched 
specimen, while to, Wo and 10 are the equivalents of the specimen before 
being stretched. The calculated thickness is then used for converting of 
measured optical path difference (OPD) to birefringence. In Fig.5.13, the 
obtained birefringence data are presented as birefringence-draw ratio 
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curves. It can be seen from these figures that at low draw ratio range, 
birefringence increases quickly with the increasing of draw ratio, while at 
higher draw ratios, birefringence increases more slowly with draw ratio. It 
can be expected that with the further increasing in draw ratio, the 
birefringence will reaches a plateau when the molecules become fully 
extended. Any further increase in draw ratio causes shearing slippage of 
molecular chains [61]. For the materials used here, at a draw ratio of 3, the 
birefringence obtained has already reached a quite high value. 
The birefringence values of PTFE are lower than those for UHMWPE at a 
given draw ratio, while the difference between the values for white and 
green UHMWPE are smaller with the value for green UHMWPE slightly 
lower. 
5.4.2 OPD AS A LINEAR FUNCTION OF THICKNESS 
In the birefringence measurement, several microsections with different 
thickness were taken from a same place and in same direction of the 
extrudate, and an optical path difference value was obtained from each 
rilicrosection. Fig.5.14 shows some typical curves of optical path difference 
versus thickness of the specimen. As expected, the measured optical path 
differences from microsections with different thicknesses fall into a straight 
line. Therefore, to obtain birefringence value, the OPD values of specimens 
with different thicknesses were regressed to a straight line equation by least 
square procedure, the birefigence value was then taken as the slope of the 
straight line. In Tables 5.5 to 5.7 are shown the birefringence values for the 
Dual-Taper Die, the Cross Die and the Fish-Tail Die extrudates. 
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5.4.3 DISTRIBUTION OF ORIENTATION IN EXTRUDATES 
I). Extrudates Produced by the Dual-Taper Die 
a). Orientation in Transverse Planes 
Observation in a microscope showed that for extrudates from the 
Dual-Taper Die, a certain amount of orientation was obtained on the 
transverse planes, i.e. the planes normal to the extrusion direction (see 
Fig.3.12), and the orientation in these planes is quite uniform. Because of 
the twist occuring during extrusion, the overall orientation direction in the 
trnsverse planes forms an angle with the z axis as shown in Fig.5.15a. In 
Table 5.5, the birefringence in the transverse planes of the extrudates 
through the Dual-Taper Die are listed in column T. 
z 
a). PTn 
, 
-·123r=-4@ 
. y 
- X 
b). UHUlI'PE c). 
TranST8%Sa Section Extrusion Direction Section 
Fig.S.lS Orientation Distribution in Extrudates Produced 
with the Dual-Taper Die 
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Table 5.5 Birefrigence of Dual-Taper Die Extrudates (x1Q-3) 
~ Material V T section T EC ES (mm/min) ( 0 C) * 
25 14.28 8.30 5.83 
25 100 21.91 10.00 9.10 
. 
P1FE 
200 29.58 15.24 14.03 
50 
25 11.18 6.20 5.13 
100 25.21 11.43 11.03 
200 32.52 15.76 13.34 
50 28.15 9.54 9.54 
Natural 
80 33.64 10.97 10.97 
UHMWPE· 25 100 58.45 32.99 32.00 
130 26.04 19.75 11.01 
150 18.06 10.87 10.87 
100 47.04 22.51 22.40 
Green 
UHMWPE 25 130 21.44 14.68. 13.70 
150 14.06 8.87 8.87 
* See Fig.3.12 
T Tranaverse Section 
EC Extrusion Direction Section at Centre 
ES Extrusion Direction Section at Side 
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b). Orientation in the Cross Sections of the Extrusion Direction 
The birefringence in extrusion direction sections EFGH and IJKL (see 
Fig.3.12) were examined to obtain information about the orientation along 
the x axis. On these two sections the orientation was found to be basically 
the same, indicating that orientation is uniform along the x axis (Fig.S.lSc). 
The birefringences for these two sections are shown in columns EC and ES 
of Table 5.5. Comparing the birefringences in these two columns, it is found 
that there is no obvious difference between them at all extrusion 
temperatures and speeds, and for both materials. From the birefringences 
values for PTFE and UHMWPE in columns EC and ES, one observes that 
the values for PTFE are lower than those for UHMWPE. This is in 
accordance with the values obtained by monoaxial drawing. Comparing the 
birefringence values in the extrusion and transverse cross sections, it can be 
concluded that for extrudates through the Dual-Taper Die, the orientation 
in transverse direction is always higher than that in the extrusion 
direction. II). Distribution of Birefringence in the Extrudates Produced with 
Cross Die 
a). Orientation in the Transverse Direction 
The distribution of birefringences in the trnsverse cross sections of 
extrudates through the Cross Die is different from that for the Dual-Taper 
Die. In the latter extrudates an approximately constant orientation along 
the transverse direction was found, while the microscopic observation 
carried out on the same cross sections of the Cross Die extrudates indicated 
that the birefringence in the core part of a transverse cross section is much 
higher than near the surfaces, i.e. there is an orientation distribution as 
shown in Fig.S.16a. Plate S.5a shows the variation of the orientation from 
surface layer to middle layer in the transverse section of an extrudate. 
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y 
·Transverse Section Ertrusion Direction Section 
Fig.5.16 Orientation Pattern in Extrudates Produced with the Cross Die 
In Table 5.6, the birefringences measured in the core of an transverse cross 
section and those measured near the surface of the same cross section' are 
presented in the columns TM and TS respectively. It can be seen that the 
values in column TM are generally two to three times greater than those in 
column TS. 
b). Orientation in the Extrusion Direction 
The distribution of birefringence measured on cross sections along the 
extrusion direction was found to have the characteristics depicted in 
. . 
Fig.5.16b, i.e. near the surface, the extrudate was more oriented than in the 
middle, i.e. a reverse phenomenon to that of the transverse cross sections. 
In; Plate 5.5b, such distribution of orietation can be clearly seen. 
In Table 5.6, the birefringences measured along the extrusion direction 
section, cross sections EFGH and IJKL (see Fig.3.12) are shown. For each of 
the two cross sections, two birefringence values were obtained, from the 
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core part (represented in Table 5.6 by M) and near the surface (represented 
by E) respectively. 
Plate 5.6 shows the micrographs near the surface of extrusion direction 
sections of extrudates produced at different temperatures. 
Comparing the birefringences measured on cross section EFGH and lJKL, it 
is seen that the birefringence near the surface of cross section EFGH is 
slightly higher than the corresponding value of section IJKL, while this 
discrepancy is not found between the values for the core part of the two 
cross sections. 
Fig.5.17 shows distribution of orientations in both PTFE and natural 
UHMWPE extrudates. 
From the data in Table 5.5 for the Dual-Taper Die extrudates and the data 
for the Cross Die extrudates in Table 5.6, one can observe that at the same 
extrusion conditions, the extrudates through the Cross Die have higher 
birefringence than the extrudates through the Dual-Taper. Die. But the 
distribution of birefringences for the Cross Die extrudates on both extrusion 
and transverse cross sections are not uniform. 
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Table 5.6 Birefrigence of Cross Die Extrudates (xlO-3) 
Material 
V T Cross Section * 
mm/min) QC) 1M 1E ECM ECE ESM 
25 18.57 8.31 7.40 9.09 7.31 
lOO 
25 
23.67 14.00 12.53 20.10 15.71 
PTFE 
200 37.40 20.21 16.57 27.03 16.10 
25 21.90 12.08 7.03 8.48 8.13 
50 lOO 28.67 13.09 14.84 23.23 13.20 
200 42.30 24.00 20.15 40.54 21.47 
50 47.03 24.26 9.92 17.41 10.01 
Natural 80 61.45 36.42 17.51 31.34 17.51 
25 
UH- lOO 73.20 43.64 23.65 40.68 24.40 
MWPE 130 33.12 16.99 18.37 35.75 
150 18.60 12.99 14.25 28.14 
50 44.91 19.62 9.27 15.10 
Green 
25 
lOO 63.24 32.33 19.32 42.07 
UH- 130 30.58 18.40 14.10 
MWPE 
29.01 
150 16.23 7.89 10.54 18.27 
*See Fig.3.16 
1M -Transverse Section, Middle Part 
1E -Transverse Section, Near Surface 
ECM-Extrusion Direction Section at Centre, Middle Part 
ECE -Extrusion Direction Section at Centre, Near Surface 
ESM-Extrusion Direction Section at Side, Middle Part 
ESE -Extrusion Direction Section at Side, Near Surface 
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Plate 5.5 Micro-photographs of Sections of Natural UHMWPE Extrudate 
Showing the Changing of Orientation from the Surface Layers 
to the Middle Layers (Extrusion Temperature: 130°C) 
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0.1 mm 
Plate 5.6 Micro-photographs of Surface Layer Sections in Extrusion Direction 
of Natural UHMWPE Extrudates Produced with the Cross Die 
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III). Orientation Distribution of the Extrudates 
Produced with the Fish-Dail Dies 
Observations in a microscope on microtomed specimens of the Fish-Tail 
Die extrudates show that the orientations on both transverse and 
longitudinal cross sections are quite uniform. The twist phenomenon 
occurring in the Dual-Taper Die PTFE extrusion was not found in the 
Fish-Tail Die extrusions. For both PTFE and UHMWPE extrudates the 
orientation in the transverse and extrusion direction can be 
diagrammatically represented as in Figs.5.15b and 5.15c respectively. 
Because of the uniformity of the orientation in the transverse and the 
extrusion directions, only two birefringence readings were taken along both 
the transverse and the extrusion directions. The results are shown in Table 
5.7. 
From Table 5.7 it can be found that the birefringence in transverse sections 
is much higher than that in extrusion direction sections and the difference 
is much larger for the constant area die. This phenomenon indicates that 
the deformations in these dies are more close to monoaxial orientation 
than to biaxial orientation, particularly for the case of the constant area die. 
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Table 5.7 Birefringence of Extrudates Produced with the Fish-Tail Dies (t.n x 10-3) 
Material Die Type Temperature (QC) Transverse Longitudinal 
100 21.80 4.63 
Expansion Fish-Tail Die 150 24.43 8.40 
200 33.64 10.65 
PTFE 
100 26.45 4.72 
Constant Fish-Tail Die 150 30.15 6.01 
200 37.2 8.12 
80 31.57 5.05 
100 36.26 6.46 
Expansion Fish-Tail Die 120 33.21 8.61 
130 23.61 10.39 
140 12.11 9.20 
NATURAL 150 10.96 5.93 
UHMWPE 
100 46.02 5.72 
Constant Fish-Tail Die 130 32.43 9.12 
150 17.53 7.01 
The development of orientation within the shaping section of the two 
fish-tail dies is shown in Table 5.8 and in Fig.5.18 in the form of plots of 
birefringence along the transverse direction against thickness reduction 
ratio and distance from the die entry respectively, for UHMWPE extruded 
at lOOOC and l300C. 
These show clearly that the constant cross-section die develops a much 
higher degree of orientation than the constant converging-angle die.From 
Fig.S.18 it can be deduced that this difference results primarily from the 
faster rate of orientation development near the entry due to the larger 
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converging angle in this region for the constant cross-section die. The plots 
in Fig.5.18 also show that the difference in birefringence between the two 
dies becomes increasingly larger as the thickness reduction ratio becomes 
greater than 3.5, when the birefringence for the constant converging angle 
remains almost constant. 
Table 5.8 Birefringence Development Along Die Axis in the Transverse Sections 
of the Fish-Tail Die (Natural UHMWPE Extrudates) 
Extrusion Distance from Thickness Reduction Ratio Birefringence (iOx·3) 
Temp (OC) Die Entty (mm) Expansion Die Constant Die Expansion Die Constant Die 
0.0 1.00 1.00 3.00 3.00 
12.5 1.25 2.00 19.73 32.24 
100 25.0 1.67 3.00 25.48 36.32 
37.5 2.50 4.00 31.93 41.42 
50.0 5.00 5.00 36.26 46.02 
0.0 1.00 1.00 3.00 3.00 
12.5 1.25 2.00 10.73 19.22 
130 25.0 1.67 3.00 15.50 22.87 
37.5 2.50 4.00 19.11 26.04 
50.0 5.00 5.00 23.61 32.43 
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5.4.4 RELATIONSHIP BETWEEN BIREFRINGENCE 
AND EXTRUSION TEMPERATURE 
The orientation obtained during extrusion process can be affected by the 
extrusion temperature. Figs.5.l9 and 5.20 show the variation of measured 
birefringence with temperature for UHMWPE extrudates produced by the 
Dual-Taper Die and the Expansion Fish-Tail Die respectively. For all of 
these dies a maximum in the recorded birefringence values is exhibited in 
the temperature range of 100-llOoC, but the ratio of the birefringence in the 
transverse direction to that in the extrusion direction is highest at 
temperature below lOOoC and approaches the value of 1.0 as the 
temperature increases above the melting point of the polymer. 
For the extrudates produced with the Fish-Tail Dies, the peak birefringence 
in the longitudinal direction is shifted to a higher temperature as shown in 
Fig.5.20. 
For UHMWPE extrudates produced with the Cross Die, the birefringences 
at the sections near the surface of extrudates is diagramatically presented in 
Fig.5.2l as a function of temperature, and in Fig.5.22 the birefringences in 
the middle sections of extrudates are plotted agaist temperature. Again, the 
maximum birefringence values were found in the temperature range 
lOO-110°C. 
In the sections near the surface of the extrudates produced with the Cross 
Die, the birefringence values in the transverse and the longitudinal 
directions are almost balanced in the temperature range of 90-l20oC 
(Fig.5.2l). Out of this temperature range the differences increase with the 
longitudinal orientation becoming higher than that in transverse direction 
at higher temperatures. This is of interest insofar as it indicates the 
possibility of introducing a considerable amount of orientation at 
temperatures above the melting point of the polymer, which has also been 
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observed by Bashin and Keller [140]. For the orientation in the core sections 
of UHMWPE extrudates, a similar temperature dependence as for the 
extrudates of the Dual-Taper Die and the Fish-Tail Dies is found (Fig.5.22). 
From Figs.5.19 and 5.22, it is observed that the green pigmented samples 
exhibited an appreciably lower birefringence than the equivalent natural 
grade extrudate in both the extrusion and the transverse directions, which 
is in agreement with the difference in the extrusion forces and is attributed 
to the lubrication effects of the processing aid [45,46]. 
The birefringence values for PTFE extrudates, on the other hand, were 
found to increase over the entire temperature range examined, i.e. up to 
200oC. It is presumed that a similar maximum would have been observed 
at temperatures nearer to the melting point. 
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5.5 THERMAL PROPERTIES OF EXTRUDA TES 
The results of the DSC analysis have shown that the melting point of the 
polymer is not affected appreciably by either type of extrusion die used or by 
the extrusion temperature. As shown in Fig.5.23 a value within the region 
of 140±2.50C was recorded in all cases. This is in disagreement with the data 
reported by Mead et al [71], for HOPE extruded in the solid state through 
conical dies, who have shown that the melting point increases with 
increasing draw ratio. It is not clear whether the discrepancy arises from the 
much larger draw ratios used in the study by the above authors or whether 
it can be attributed to intrinsic differences with respect to the nature of the 
material and extrusion processes used in the two cases. 
From the plots of the enthalpy against extrusion temperature, shown in 
Figs.5.24 to 5.25, on the other hand, it is quite clear that the melt enthalpy 
increases to some extent with increasing extrusion temperature, but the 
maximum enthalpy achieved depends, however, on the original value 
exhibited by the material, i.e. its previous thermal history, and not so much 
on the type of die used or direction over which the samples were taken. It 
can also be observed from these plots that the melt enthalpy reaches a peak 
value at the temperature range of 1200C-1400C, which is higher than the 
temperature range 1000C-1100C for the peak value of birefringence. The 
reduction in orientation due to molecular relaxations results, therefore, in 
an increase in degree of crystallinity by a chain folding mechanism. 
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5.6 MECHANICAL PROPERTIES OF EXTRUDATES 
In the present work tensile tests were carried out on many specimens taken 
from different cross sections of extrudates, as shown in Fig.3.16. 
In Fig.5.26a, the stress-strain curves of two specimens cut from cross 
sections along the transverse and extrusion directions are presented for a 
PTFE extrudate through Dual-Taper Die. In this figure the stress-strain 
curve of un-oriented PTFE is also shown. It is seen from this diagram that 
the extrusion process increases the strength of PTFE in both extrusion and 
transverse directions. Fig.5.26b shows similar curves for natural UHMWPE 
extrudates through Dual-Taper Die. In this figure, the strength of the 
extrudate in both extrusion and transverse directions are found to increase 
considerably; at the same time the elongation at break is found to decrease 
accordingly. The properties of UHMWPE extrudates produced at lOODC, i.e. 
the temperature region at which the birefringence display a maximum, are 
superior to those of PTFE extrudates produced at 200DC. The latter, 
however, may not correspond to the temperature at which PTFE displays 
the highest birefringence. 
In Table 5.9, the tensile strength data as a function of temperature are 
presented for both PTFE and natural UHMWPE extrudates produced with 
the Dual-Taper Die. From this table it can be seen that both transverse and 
longitudinal tensile strength of PTFE extrudates increase with temperature, 
but the tensile strength of UHMWPE extrudates decreases with increasing 
. temperature. 
Compared with the extrudates through the Dual-Taper Die, the Cross Die 
extrudates have a more complex distribution of birefringence, which makes 
it necessary to perform more detailed tensile tests (Le. in smaller sections) 
to know the strength distribution in the Cross Die extrudates. 
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Fig.5.26 Tensile Test Curves for Sections of Extrudates Produced with the Dual-Taper Die 
Table 5.9 Tensile Strength of Dual-Taper Die Extrudates 
Material Temperature (Oe) Tensile Strength (N/mm2) 
Transverse Longitudinal 
25 40.1 36.5 
P1FE 100 44.3 38.4 
200 47.4 41.2 
100 74.1 55.0 
UHMWPE 130 52.6 43.2 
150 40.8 37.4 
In Fig.5.27 the tensile test results on extrudates produced with the Cross Die 
at lOODC are presented diagramatically. From an inspection of this figure it 
is clear that: 
a). The strength of the tensile specimen ESM and TM (see Fig.3.16) is 
greatly increased, representing the maximum tensile strengths of the 
extrudate in the extrusion direction and the transverse direction 
respectively. Note also that at these two sections the extrusion direction 
and the transverse direction birefringence values reach the maximum 
respectively. 
b). The strength of the extrudate in transverse direction is increased. The 
strength of specimens EC and EE, taken parallel to the extrusion 
direction, i.e. cross sections EFGH and IJLK respectively, also shows an 
increase. Note that the width of tensile specimen was 2.5 mm while the 
overall thickness of extrudate was 5 mm, and that the layers near the 
surface along the extrusion direction are more oriented than middle 
part. Hence the waist portion of the tensile specimen coincides with the 
middle portion, where the orientation is lower. Therefore the average 
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strength in the extrusion direction is actually higher than it is recorded. 
c). The specimens ECM and ESM show lower strength values than the 
original material. This is because of the cross-ply orientation pattern in 
the extrudates, with the middle layers of the extrudate exhibiting a 
concomitant bias in the transverse direction birefringence. Therefore, 
specimens taken from this layer have a dominant orientation in 
transverse direction. The situation is the same as to stretch a 
monoaxial oriented specimen in the direction perpendicular to the 
orientation direction. 
d). The extrudates of the natural grade UHMWPE exhibits higher tensile 
trength than the equivalent green pigmented samples, which is in 
agreement with the difference in the extrusion forces and 
birefringences observed and is attributed to the lubrication effects of the 
processing aid present, as already pointed out earler. 
Table 5.10 shows the tensile strength of the green UHMWPE extrudates 
produced with the Cross Die at three extrusion temperatures. From this 
table and Table 5.6, which shows the relation between birefringence and 
temperature, the increase tendency of tensile strength with birefringence 
can be observed. 
Table 5.10 Tensile Strength of Cross Die Green UHMWPE Extrudates (N/mm2) 
.~ Transverse Extrusion Direction ( 0 C) 1M T 1E ESM ESE EC ES ECM ECE 
100 86.1 78.4 54.5 68.4 60.5 54.2 51.8 33.9 32.9 
130 59.9 48.4 36.7 50.5 49.5 42.7 42.7 36.1 34.2 
150 42.2 39.7 31.7 43.4 34.9 26.6 40.6 33.9 32.3 
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Fig.5.27 Stress-Strain Curves for Sections of Extrudates Produced with the Cross Die 
By comparing the stress-strain curves for the Dual-Taper Die and Cross Die 
extrudates, it can be revealed that the Cross Die produces a much higher 
enhancement in strength in the transverse direction than the Dual-Taper 
Die. 
Typical stress-strain curves for the Expansion Fish-Tail Die extrudates are 
shown in Fig.5.28. From these two figures, it is seen that the tensile 
strengths in transverse direction are much higher than in longitudinal 
direction, while the elongations in the longitudinal direction are much 
higher than in transverse direction. This phenomenon confirms the 
suggestion made earlier that the Fish-Tail Die extrudates are closer to 
monoaxial orientation in comparison with the Dual-Taper Die and the 
Cross Die extrudates. It is worth noting also that the lower strength values 
recorded in the extrusion directions may have been accentuated by edge 
defects in the tensile specimens. 
Table 5.11 gives the tensile strength data of the PTFE extrudates produced 
with the two Fish-Tail Dies at different temperatures, while the results for 
natural UHMWPE extrudates are presented in Fig.5.29. For PTFE 
extrudates, it is seen from Table 5.11 that the tensile strength increases with 
extrusion temperature up to 2000C. The similarity in the variation of 
birefringence and tensile strength with temperature is evidenced from a 
comparison of Figs.5.29 with 5.20. In every case the higher orientation 
developed by the constant area Fish-Tail Die is again revealed. 
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Table 5.11 Tensile Strength of Fish-Tail Die P1FE Extrudates (N/mm2) 
Die Type Temperature (oC) Transverse 
100 71.0 
Expansion Fish-Tail Die 150 82.0 
200 96.5 
100 84.3 
Constant Fish-Tail Die 150 91.4 
200 102.2 
5.7 RELATIONSHIP BETWEEN TENSILE STRENGTH AND 
BIREFRINGENCE 
Longitudinal 
28.3 
34.8 
37.7 
29.5 
31.4 
36.0 
Since birefringence is a measure of orientation, an increase in birefringence 
will produce a concomitant increase in the strength of a specimen 
measured along the same direction. 
In Fig.S.30, the tensile strength data for extrudates of PTFE are presented as 
a function of birefringence, where the. strength data were obtained from 
many tensile specimens, and the birefringences were measured on 
corresponding sections. In this figure, it is shown that the tensile strengths 
of the extrudates from all the dies increase with birefringence, but the 
tensile strength of the Fish-Tail Die extrudates seem to be more sensitive to 
the birefringence than both the Dual-Taper Die and the Cross Die. This 
phenomenon is caused by the more mono axial behaviour of the Fish-Tail 
Die extrudates. The same charecteristics are found for UHMWPE extrudates 
as shown in Fig.5.31. 
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In Fig.5.32 tensile strengths of PTFE and UHMWPE extrudates of the 
Dual-Taper Die and Cross Die are compared. It can be seen that all the 
points fall on a single master curve irrespective of the extrusion 
temperature, type of die, section of the extrudate and direction considered. 
This confirms that orthagonally symmetrical convergent-divergent die 
produces a unique type of planar orientation determined solely by the 
deformation ratios in the three directions imposed by the geometry of the 
die. Conseqently, processing conditions, such as temperature and 
deformation rates only affect the magnitude and not the pattern of 
orientation set up [46-48]. 
The simillar curves for the Fish-Tail Die extrudates are shown in Fig.5.33. 
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CHAPTER6 CONCLUSIONS 
Low temperature extrusion of polymer materials through 
convergent-divergent dies were studied in the present work, with the aims 
of producing biaxially oriented extrudates, and to understand the 
mechanics of both solid state and melt state extrusions through these dies. 
Polytetrafluoroethylene, two grades of ultra-high molecular weight 
polyethylene and an unvulcanised natural rubber compound were used in 
this study to investigate the effects of different materials on the orientation 
characteristics of extrudates and on the processing mechanics. 
From the findings of the present work, the following conclusion can be 
drawn: 
1). Extrusion forces can be predicted with a high degree of accuracy using 
a plasticity approach by assuming a zero pressure at the extreme walls 
of the divergent section of the die and by the application of a yield 
criterion that takes into account only the contribution from the stress 
normal to the extrudate plane. 
2). In the analysis of the mechanics of melt state extrusion through the 
Dual-Taper Die, the extrusion process can be considered as composed 
of infinite series of flows in rectangular ducts with different 
width-thickness ratios, and the combination solutions for these 
rectangular ducts will give the solution for the overall extrusion 
process. The extrusion forces calculated in this way for the extrusion 
of an unvulcanised rubber compound compares well with the actual 
measured values. 
3). The Fish-Tail Dies develop much higher extrusion forces than the 
Dual-Taper Die and the Cross Die at equal nominal deformation 
ratios. This is associated with the small overall convergent angle of 
,." 
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the Fish-Tail Dies. Of the two Fish-Tail Dies, the Expansion Fish-Tail 
Die requires lower forces to perform the extrusion. The forces for 
extrusion through the Dual-Taper Die are slightly lower than the 
forces for the Cross Die where more complex deformations take place, 
and its lower sensitivity to coefficient of friction. 
4). The variation of coefficient of friction with temperature predicted for 
UHMWPE is realistic and can be used, therefore, for general die 
design and process analysis of solid state processing. 
5). The Dual-Taper Die produces an orientation pattern that is typical of 
unbalanced biaxial orientation with a bias in the transverse direction. 
While the low angle of convergence in the Fish-Tail Dies produces a 
predominatly monoaxial type of orientation in the transverse 
direction. The Cross Die, on the other hand, results in a layered 
orietation pattern through the thickness of the extrudate. 
6). The evaluation of the properties of extrudates obtained by solid state 
extrusion of polymers through convergent-divergent dies has 
revealed that two unique relationships exists between birefringence 
and tensile strength determined solely by whether the overall 
convergent angle is very small (Fish-Tail Dies) or rather large 
(Dual-Taper Die and Cross Die). 
7). Maximum orientation is obtained in the temperature range of 
lOO-1100C for UHMWPE, which is about 30-40oC lower than the 
melting point of the material. 
In the present work the optimum temperature for orientation of PTFE 
extrudate is found to be 2000C, while for UHMWPE it is about lOOoC. 
Therefore, further work is recomended to be carried out at the temperature 
range between 200°C and melting point of PTFE to confirm the occurrence 
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of the expected maximum near the melting point of the polymer. 
The dies used in this work have the same entry and exit area. Since the 
ratio of die entry area to exit area can affect the deformation along the 
extrusion direction, further study should be carried out by using 
convergent-divergent dies with different (entry area/exit area) ratios in 
order that a more balanced orientation in transverse direction and 
extrusion direction can be obtained in extrudates. 
Experiments over a wider range of extrusion speeds should be carried out 
in further work so that the influences of extrusion speed on the extrusion 
mechanics and the properties of extrudates can be better understood. Much 
higher orientation values are expected at higher extrusion rate in view of 
the reduction in molecular relaxations. This is particularly important for 
dies containing features such as the Cross Die where a substantial amount 
of orientation can be obtained even at temperatures around the melting 
point of the polymer. 
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8. APPENDIX COMPUTER PROGRAMM 
8.1 PTFE EXTRUSION 
8.1.1 DUAL-TAPER DIE 
INTEGERT 
P3(SX)=«-0.9923986)*«20000.0*EXP(-0.OO76*(T-25.0»)-SX»/ 
c( -1.0+0.0945) 
P1(Y)=«-0.9923986)*20000.0*EXP(-0.OO76*(T-25.0»)/(-1.0+0.0945+ 
c«fri*(-2.226*Y + 18.065»/(2.0*Y») 
P2(y)=«-0.9639562)*20000.0*EXP(-O.OO76*(T-25.0»)/(-1.0+0.0945+ 
c«fri* (-0.449* Y +8.116»/(2.0*Y») 
F1(Y)=1.03*P1(Y)**(-0.2) 
F2(y)=1.03*P2(y)**(-0.2) 
F3(SX)=1.03*P3(SX)**(-0.2) 
El 0(Y,SX)=«55.9-13.82*Y)*SX)/« -55.9+6.91 *y)*y) 
El (y ,SX)=E1 O(Y ,SX)-«(l +8 .09 *fri)*P 1 (y»/y) 
E20(y,SX)=«55.90-6.18*Y)*SX)/«-55.90+3.09*Y)*Y) 
E2(Y,SX)=E20(Y,SX)-«(1 +3.62*fri)*P2(Y»/Y) 
E30(Y,SX)=«55.9-13.82*Y)* SX)/« -55.9+6.91 *y)*y) 
E3(y,SX)=E10(Y,SX)-«(1 +8.09*fri)*P3(SX»!y) 
Szl (Y)=(fri*( -2.226*Y + 18.065)*P1 (Y)/( -0.9923986»/(2.0*Y) 
Sz2(Y)=(fri*( -0.449*Y +8.116)*P2(Y)/(-0.9639562»/(2.0*Y) 
Sz3(Y,SX)=(fri*( -2.226*Y + 18.065)*P3(SX)/( -0.9923986»/(2.0*Y) 
OPEN(6,FlLE="DIE11T",STATVS="NEW") 
T=25 
N=O 
H=O.l 
WRITE(6,2) H 
2 FORMAT(15X,"H =",F7.4) 
50 Y=2.5 
SX=O 
IF(T-25) 25,25,35 
25 fri=F3(SX) 
GOT045 
35 fri=O.14 
220 
45 ZZ=Sz3(Y,SX} 
1=0 
5 Vl=H*E3(Y,SX} 
V2=H*E3«Y+H/2}, (SX+Vl/2}) 
V3=H*E3«Y+H/2}, (SX+V2/2» 
V4=H*E3«Y+H}, (SX+V3}) 
SX=SX+(Vl +2*(V2+V3}+V 4}/6 
Y=Y+H 
IF(T-25} 55,55,65 
55 fri=F3(SX} 
GOT075 
65 fri=O.14 
75 ZZ=Sz3(Y,SX} 
IF(ABS(SX}-ABS(ZZ}} 70,70,80 
70 IF(Y-5.59} 5,5,60 
80 CHANG=Y 
IF(Y -5.59} 90,90,20 
90 T1=H*E1(Y,SX} 
T2=H*El«Y+H/2}, (SX+T1/2» 
T3=H*El«Y+H/2}, (SX+T2/2}) 
T4=H*El«Y+H}, (SX+T3}) 
SX=SX+(Tl+2*(T2+T3}+T4}/6 
Y=Y+H 
1=1+1 
IF(T-25} 85,85,95 
85 fri=Fl (Y) 
GOT098 
95 fri=O.14 
98 ZZ=Szl(y} 
IF (Y-5.59) 90,20,20 
15 Y=5.59-H 
GOT05 
20 Wl=H*E2(Y,SX} 
W2=H*E2«Y+H/2}, (SX+Wl/2}) 
W3=H*E2«Y+H/2}, (SX+W2/2}) 
W4=H*E2«Y+H}, (SX+W3» 
SX=SX+(Wl+2*(W2+W3}+W4}/6 
Y=Y+H 
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1=1+1 
IF(T -25) 22,22,24 
22 fri=F2(Y) 
GOT026 
24 fri=D.14 
26 ZZ=Sz2(y) 
IF (Y-12.5) 20,30,40 
40 Y=12.5-H 
GOT020 
30 FORCE=SX*25.0*5.0/(-1000000.0) 
WRITE(6,1O) T,FORCE,CHANG 
10 FORMAT(2X, "T=" ,I3,5X, "F=" ,F8.5,5X, "C=" ,F6.2) 
N=l+N 
T=T+5 
IF(f -200) 50,50,60 
60 CLOSE(6) 
STOP 
END 
8.1.2 CROSS DIE 
INTEGERT 
REALk 
P(S)=cos/(1.0-comp)*(20000.0*EXP(-0.0076*(T-25»-S) 
F(Y ,S)=(a*S+a*P(S)+fri *cot*P(S)*(a+k*(Y -a»+w*(bb-Y»/( -a*Y) 
P2(X)=a*SO/«1.0-comp)*a-w*fri*(10.0-0.2*X» 
P2y(y)=a *SO/«l.O-comp )*a-w*fri *(12.5-Y» 
Sz(Y)=-w*P2y(Y)*fri*(12.5-Y)/a 
PO(Y ,PI )=« cot-fri)*2 *a*PI-2*a*P2y(Y)*cot)/(fri*(1.0+tm)* 
c(Y -a)*cot) 
Fl(Y,Pl)=««fri*cot*(Y-a»/a)-l.O/v)*(l.O+tm)*PO(Y ,Pl»+ 
c( 1.0/cos+ 2.0+2.0*fri *cot+(2*a*(cot-fri»/(v*fri*cot*(Y -a»)*Pl + 
c( 1.0-2 *a/( v*fri * (Y -a) )-(2 * a+fri *v*(Y -a) )*w*P2y(Y)/( a *v*SO»* 
cP2y(Y) 
F2(Y)=(2*a*(cot-fri»/(v*fri*cot)-(Y-a)/cos 
FT(Y,Pl)=Fl(Y,Pl)/F2(Y) 
OPEN(6,FlLE="DIE2T" ,ST A TUS="NEW") 
comp=0.0945 
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a=2.5 
bb=12.5 
cot=5.0 
cos=O.9805806 
k=O.5 
fri=D.14 
v=O.45 
1..=50 
H=0.25 
w=O.25 
tm=0.75 
WRITE(6,2) H,fri,v,k,w,tm 
2 FORMAT(2X, "H=" ,F4.2,3X, "fri=" ,F4.2,3X, "y=" ,F4.2,3X, "k=" ,F4.2, 
c2X,"w=" ,F4.2,2X,"tm=" ,F4.2) 
T=25 
DO 70J=I,20 
SO=20000.0*EXP( -0.0076* (T -25» 
Y=2.5 
X=5*Y-12.5 
S=O.O 
Sy=-P(S)/cos 
P22=P2(X) 
SZZ=Sz(Y) 
1=0 
5 TI=H*F(Y,S) 
T2=H*F«Y +H/2),(S+ TI/2» 
T3=H*F«Y +H/2),(S+ TI/2» 
T4=H*F«Y +H),(S+ T3» 
S=S+(TI +2*(T2+ T3)+ T4)/6 
Sy=-P(S)/cos 
Y=Y+H 
X=5*Y-12.5 
P22=P2(X) 
SZZ=Sz(Y) 
1=1+1 
10 FORMAT("X" ,12,"=" ,F4.1,2X," S=",FI2.1,2X,"Sy=",F12.1,2X, 
c"SZZ=" ,FI2.1,2X, "P2=" ,FI2.1) 
JF(Y-12.5) 80,90,90 
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SO IF«S-Sy)-P22) 5,5,25 
25 CHANG=Y 
20 Pl=(2.0*S-(1.0+2*aJ(v*fri*(Y-a)))*P2(X))/ 
c(l.0/cos-(2*a*(cot-fri»/(v*fri*(Y-a)*cot» 
30 Wl=H*FT(Y ,PI) 
W2=H*FT«Y +H/2),(Pl + TI/2» 
W3=H*FT«Y +H/2),(Pl + T2/2» 
W 4=H*FT«Y +H),(Pl + T3» 
Pl=Pl+(Wl+2*(W2+W3)+W4)/6 
Y=Y+H 
X=5*Y-12.5 
S=( (1.0+ 2*aJ(v*fri*(Y -a»)*P2(X)+ 
c(I.0/cos-(2*a*(cot-fri»/(v*fri*(Y-a)*cot»*Pl)*0.5 
1=1+1 
Sy=-Pl/cos 
P22=P2(X) 
SZZ=Sz(Y) 
IF (Y -12.5) 30,40,40 
40 FORCE=(2*a*(bb-a)*(-«I+tm)/v)*PO(Y'p1)+P2y(Y)+ 
cPl/cos»/(-lOOOOOO) 
FORCE2=4*a*(-tm*bb*PO(Y,Pl)/v+P2y(Y)*bb+ 
cO.5*(-(I-tm)!v*PO(Y,Pl)-
cP2y(Y)+Pl/cos)*bb*(bb-2*a)/(bb-a»/( -10000(0) 
WRITE(6,60) T,FORCE2,CHANG 
60 FORMAT(10X,"T=",I3,5X,"F=",FI0A,5X,"C=",F5.2) 
90 T=T+lO 
70 CONTINUE 
CLOSE(6) 
STOP 
END 
8.1.3 EXPANSION FISH-TAIL DIE 
INTEGERT 
P2(y,SX)=«(-COS(4.5739213*(3.14I1S0»)*(20000.0*EXP(-0.0076* 
c(T-25»»/(comp-l.0+«fri*(30.0-5.0*Y»/(2.0*Y»»-SX+SX 
Pl(SX)=«-COS(4.5739213*(3.14/1S0»)*(20000.0*EXP(-0.0076* 
c(T-25»-SX»/(comp-l.0) 
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F1 (SX)= 1.03*P1 (SX)**(-O.2) 
F2(SX)=1.03*P2(Y,SX)**(-O.2) 
E1(y,SX)=(2*(3-Y)*SX+(1 + 12.5*fri)*(6-Y)*P1(SX»/«-6+ Y)*Y) 
E2(y,SX)=(2*(3-Y)*SX+(l + 12.5*fri)*(6-Y)*P2(Y,SX»/« -6+ Y)*Y) 
Szl (Y,SX)=(fri*(-5.0*Y + 30.0)*P1 (SX)/( -COS( 4.5739213*3.14/ 
c180»)/(2.0*Y) 
Sz2(Y,SX)=(fri *(-5.0*Y + 30.0)*P2(Y ,SX)/(-COS( 4.5739213*3.14/ 
c180»)/(2.0*Y) 
OPEN(6,FILE="D1E3T",STATUS="NEW") 
H=O.Ol 
comp=O.0945 
90 fri=O.14 
60 WRITE(6,2) H,fri,comp 
2 FORMAT(5X, "H=" ,F4.2,5X, "f=" ,F4.2,5X,"comp=",F6,4) 
T=20 
40 Y=!.O 
SX=O 
1=0 
ZZ=Szl(Y,SX) 
5 Tl=H*E1(Y,SX) 
T2=H*E1«Y+H/2), (SX+T1/2» 
T3=H*E1«Y+H/2), (SX+T2/2» 
T4=H*E1«Y+H), (SX+T3» 
SX=SX+(T1+2*(T2+T3)+T4)/6 
Y=Y+H 
1=1+1 
ZZ=Szl(Y,SX) 
IF(ABS(SX)-ABS(ZZ» 5,5,20 
20 CHANG=Y 
80 W1=H*E2(Y,SX) 
W2=H*E2«Y+H!2), (SX+Wl/2» 
W3=H*E2«Y+H!2), (SX+W2/2» 
W4=H*E2«y+H), (SX+W3» 
SX=SX+(W1 +2*(W2+W3)+W4)/6 
Y=Y+H 
1=1+1 
ZZ=Sz2(Y,SX) 
IF(Y-5.0) 80,30,30 
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30 FORCE=SX/(-IOOOO.O) 
WRITE(6.IO) T.PORCE.CHANG 
10 FORMAT(SX ... T ..... = ... I3.8X ... p ..... = .. ,FIO.2.SX."C=".PS.2) 
T=T+IO 
IF(T-2S0) 40,40.S0 
SO a..OSE(6) 
STOP 
END 
8.1.4 CONSTANT AREA FISH-TAIL DIE 
INTEGERT 
P2(y.SX)=«(-62.SJ«Y**4.0+3906.2S)**0.S»*(20000.0*EXP(-0.0076* 
c(T-2S»»J(comp-l.0+«fri*(2S.0JY»J(2.0*Y»»-SX+SX 
Pl(y.SX)=«-62.SJ«y**4.0+3906.2S)**0.S»*(20000.0*EXP(-0.0076* 
c(T-2S»-SX»J(comp-l.0) 
Fl(y.SX)=1.03*(Pl(y.SX)**(-0.2» 
F2(Y .SX)= 1.03*(P2(y .SX)**( -0.2» 
El(y.SX)=-«y**2.0+62.S*fri)J(y**3.0»*Pl(Y,SX) 
E2(y.SX)=-«y**2.0+62.S*fri)J(Y**3.0»*P2(Y,SX) 
Szl (Y .SX)=(fri *(2S.0JY)*Pl (Y .SX)J(-62.SJ«Y**4.0+ 3906.2S) 
c**0.S»)J(2.0*Y) 
Sz2(Y.SX)=(fri*(2S.0JY)*P2(Y.SX)J(-62.SJ«Y**4.0+3906.2S) 
c**0.S»)J(2.0*Y) 
OPEN(6.FILE="DIE4T" ,ST A TUS="NEW") 
H=O.Ol 
comp=O.094S 
90 fri=O.14 
60 WRlTE(6.2) H.fri.comp 
2 PORMAT(SX."H=".P4.2.SX."f=".P4.2.SX,"comp=".P6.4) 
T=20 
40 Y=1.0 
SX=O 
1=0 
ZZ=Szl(Y.SX) 
S T1=H*E1(Y.SX) 
T2=H*El«Y+HI2). (SX+T1/2» 
T3=H*El«Y+H/2). (SX+T2J2» 
226 
T4=H*El«Y+H), (SX+T3» 
SX=SX+(Tl+2*(T2+T3)+T4)J6 
Y=Y+H 
1=1+1 
ZZ=Sz1(Y,SX) 
IF(ABS(SX)-ABS(ZZ» 5,5,20 
20 CHANG=Y 
80 Wl=H*E2(y,SX) 
W2=H*E2«y+H/2), (SX+Wl/2» 
W3=H*E2«y+H/2), (SX+W2/2» 
W4=H*E2«y+H), (SX+W3» 
SX=SX+(Wl+2*(W2+W3)+W4)J6 
Y=Y+H 
1=1+1 
ZZ=Sz2(Y,SX) 
IF(Y -5.0) 80,30,30 
30 FORCE=SX/(-I0000.0) 
WRITE(6,10) T,FORCE,CHANG 
10 FORMAT(5X,"T","=",I3,8X,"F","=",FI0.2,5X,"C=",F5.2) 
T=T+lO 
IF(T-250) 40,40,50 
50 CLOSE(6) 
STOP 
END 
S.l.S EQUAL MIDDLE CROSS-SECTION AREA FISH-TAIL DIE 
INTEGER T 
P3(Y,SX)=«-0.9996)*«20000.0*EXP(-0.0076*(T-25.0»)-SX))/ 
c( -1.0+0.0945) 
Pl(Y)=«-0.9996)*20000.0*EXP(-0.0076*(T-25.0»)/(-1.0+0.0945+ 
c«fri*(-15.0*Y +40.0»/(2.0*Y») 
P2(y)=« -0.9912)*20000.0*EXP( -0.0076*(T-25 .0»)/(-1.0+0.0945+ 
c«fri*(-3.0*Y + 20.0»J(2.0*Y))) 
Fl (Y)= 1.03*Pl (Y)**( -0.2) 
F2(Y)=1.03*P2(Y)**(-0.2) 
F3(y ,SX)= 1.03*P3(Y,SX)**( -0.2) 
EI0(Y,SX)=«40.0-30.0*Y)*SX)/«-40.0+15.0*Y)*Y) 
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El\'l,SX)=ElO(Y,SX)-«(1.0+37.5*frl)*Pl(Y»IY) 
E20\'l,SX)=«20.0-6.0*Y)*SX)/«-20.0+3.0*Y)*Y) 
E2\'l,SX)=E20(Y ,SX)-«(1 +7 .5*fri)*P2(y»IY) 
E30\'l,SX)=«40.0-30.0*Y)*SX)/«-40.0+15.0*Y)*Y) 
E3\'l ,SX)=E30(Y ,SX)-«(l +37 .5*fri)*P3\'l ,SX»!Y) 
Szl (y)=(frl*( -15.0*Y +40.0)*Pl (Y)/( -0.9996»/(2.0*Y) 
Sz2(Y)=(frl*( -3.0*Y +20.0)*P2(Y)/( -0.9912»/(2.0*Y) 
Sz3(Y,SX)=(frl*( -15.0*Y +40.0)*P3(Y,SX)/(-0.9996»/(2.0*Y) 
OPEN(6,FILE="DIE5T",STATUS="NEW") 
T=20 
N=O 
fri=O.14 
H=O.Ol 
WRITE(6,2) H,frl 
2 FORMAT(15X,"H =",F7.4,5X,"f=",F4.2) 
50 Y=1.0 
SX=O 
ZZ=Sz3(Y,SX) 
1=0 
5 Vl=H*E3(Y,SX) 
V2=H*E3(\'l+H/2), (SX+Vl/2» 
V3=H*E3«Y+H/2), (SX+V2/2» 
V4=H*E3«Y+H), (SX+V3» 
SX=SX+(Vl+2*(V2+V3)+V4)/6 
Y=Y+H 
ZZ=Sz3(Y,SX) 
IF(ABS(SX)-ABS(ZZ» 70,70,80 
70 IF(Y -5.59) 5,5,60 
80 CHANG=Y 
IF(Y-l.66666) 90,90,20 
90 Tl=H*E1(Y,SX) 
T2=H*E1«Y+H/2), (SX+Tl/2» 
T3=H*El(\'l+H/2), (SX+T2/2» 
T4=H*E1«Y+H), (SX+T3» 
SX=SX+(Tl +2*(T2+ T3)+ T4)/6 
Y=Y+H 
1=1+1 
ZZ=Szl(y) 
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IF (Y-1.6666) 90,20,20 
15 Y=1.666-H 
GOTOS 
20 Wl=H*E2(Y,SX) 
W2=H*E2«Y+H/2), (SX+Wl/2) 
W3=H*E2«Y+H/2), (SX+W2/2» 
W4=H*E2«Y+H), (SX+W3» 
SX=SX+(Wl +2* (W2+W3)+W4)/6 
Y=Y+H 
1=1+1 
ZZ=Sz2(Y) 
IF (Y -S.O) 20,30,40 
40 Y=5.0-H 
GOT020 
30 FORCE=SX*I00.0/(-I00QOOO.0) 
WRITE(6,1O) T,FORCE,CHANG 
10 FORMAT(2X,"T=" ,I3,SX,"F=" ,FS.S,SX,"C=" ,F6.2) 
N=I+N 
T=T+5 
IF(T-200) SO,SO,60 
60 CLOSE(6) 
STOP 
END 
8.2 UHMWPE EXTRUSION 
8.2.1 DUAL-TAPER DIE 
INTEGERT 
P3(y ,SX)=( (-0.9923986)* «SO*EXP( -0.0 IS *(T -2S.0» )-SX»)! 
c(-1.0) 
PI (y)=« -0.99239S6)*SO*EXP(-0.0IS *(T -2S.0»)/( -1.0+ 
c«fri*( -2.226*Y + 18.06S»/(2.0*Y») 
P2(y)=« -0.9639S62)*SO*EXP(-0.0IS *(T -2S.0) »/(-1.0+ 
c«frl*(-0.449*Y +S.l16»/(2.0*Y») 
E 1 0(y,SX)=«SS.9-13.S2*Y)*SX)/« -SS.9+6.91 *y)*y) 
El (Y,SX)=El O(Y,SX)-«(l +S.09*frl)*Pl (Y»/y) 
229 
E20(y,SX)=«55.90-6.18*Y)*SX)/«-55.90+3.09*Y)*Y) 
E2(Y,SX)=E20(Y,SX)-«(1 + 3.62*fri)*P2(Y»/Y) 
E30(y ,SX)=«55.9-13.82*Y)*SX)/« -55.9+6.91 *y)*y) 
E3(y ,SX)=ElO(Y ,SX)-«(1 +8.09*fri)*P3(y ,SX»!Y) 
OPEN(6,FILE="DIEIIUH" ,STA lUS="NEW") 
SO=28OOO.0 
DO 55 J=I,1 
WRlTE(6,15) SO 
15 FORMAT(15X,"SO=",F7.1) 
T=50 
H=D.l 
WRlTE(6,2) H 
2 FORMAT(25X,"H =",F7.4) 
80 fri=D.ooo 
DIFF2=10.0 
60 Y=2.5 
SX=D 
1=0 
25 Vl=H*E3(Y,SX) 
V2=H*E3«Y+H12), (SX+Vl/2» 
V3=H*E3«Y+H/2), (SX+V2/2» 
V4=H*E3«Y+H), (SX+V3» 
SX=SX+(Vl+2*(V2+V3)+V4)/6 
Y=Y+H 
IF(ABS(SX)-ABS( «fri*( -2.226*Y + 18.065)*P3(y ,SX)/( -0.9923986»/ 
c(2.0*Y»» 35,35,45 
35 IF (Y -5.59) 25,25,90 
45 CHANG=Y 
IF (Y -5.59) 5,5,20 
5 T1=H*El(Y,SX) 
T2=H*El«Y+H12), (SX+T1/2» 
T3=H*El«Y+H/2), (SX+T2/2» 
T4=H*El«Y+H), (SX+T3» 
SX=SX+(T1+2*(T2+T3)+T4)/6 
Y=Y+H 
1=1+1 
IF (Y-5.59) 5,20,20 
20 Wl=H*E2(Y,SX) 
230 
W2=H*E2«Y+H/2), (SX+Wl/2» 
W3=H*E2«Y+H/2), (SX+W2/2» 
W4=H*E2«Y+H), (SX+W3» 
SX=SX+(Wl+2*(W2+W3)+W4)/6 
Y=Y+H 
1=1+1 
IF (Y -12.5) 20,30,30 
30 FORCEC=(125.0*SX)/(-I000000) 
FORCEE=21.33925-0.21991 *T +0.00061 *T**2.0 
DIFF=ABS(FORCEC-FORCEE) 
IF(DIFF-DIFF2) 40,40,50 
40 DIFF2=DIFF 
fri2=fri 
FORCEC2=FORCEC 
CHANG2=CHANG 
50 fri=fri+O.OOl 
IF(fri-0.5) 60,60,70 
70 WRITE(6,10)T,frl2,DIFF2,FORCEC2,FORCEE,CHANG2 
10 FORMAT(2X,"T=" ,I3,2X,"f=" ,F6.4,2X,"DIFF=",F7.4, 
c2X, "FC=" ,F8.5,2X, "FE=" ,F5 .2,2X, "C=" ,F5.2) 
T=T+5 
IF(T-150) 80,80,90 
90 SO=S0+2000.0 
55 CONTINUE 
CLOSE(6) 
STOP 
END 
8.2.2 CROSS DIE 
INTEGERT 
REALk 
P(S)=cos*(SO-S)/(1.0-SX) 
F(Y,S)=(a *S+a*P(S)+fri*cot*P(S)*(a+k*(Y -a»+w*(bb-Y»/( -a*Y) 
P2(X)=a*SO/«1.0-SX)*a-w*frl*(10.0-0.2*X» 
P2y(y)=a *SO/«1.0-SX)*a-w*frl*(12.5-Y» 
Sz(Y)=-w*P2y(Y)*fri*(12.5-Y)/a 
PO(Y,Pl)=«cot-frl)*2*a*PI-2*a*P2y(Y)*cot)/(frl*(1.0+tm)* 
231 
c(y -a)*cot) 
Fl(Y,Pl)=««fri*cot*(y-a»Ja)-1.0Jv)*(1.0+tm)*PO(y,Pl»+ 
c( 1.0Jcos+ 2.0+ 2.0*fri *cot+(2 *a *( cot -fri) )J(v* frl *cot* (Y -a» )*P 1 + 
c( 1.0-2 *a/( v*fri * (Y -a) )-(2* a+fri *v*(Y -a) )*w*P2y(Y)J( a *v* SO» * 
cP2y(Y) 
F2(Y)=(2*a*(cot-fri»J(v*fri*cot)-(Y-a)/cos 
Ff(y,Pl)=Fl(Y,Pl)!F2(Y) 
OPEN(6,FILE="DIE2UH" ,STA TUS="NEW") 
w=O.25 
SX=O.0945 
a=2.5 
bb=12.5 
cot=5.0 
cos=O.9805806 
k=O.5 
tm=O.75 
v=O.45 
H=0.25 
WRITE(6,2) H,k,tm,v,w 
2 FORMAT(8X, "H=" ,F4.2,5X, "k=" ,F3.1 ,5X,"m=" ,F4.2,5X, "v=" ,F4.2, 
c5X, "w=" ,F4.2) 
T=40 
D070J=I,23 
SO=28000.0*EXP(-0.018*(T-25» 
fri=O.OI 
DIFF2=50.0 
35 Y=2.5 
X=5*Y-12.5 
S=o.O 
Sy=-P(S)Jcos 
P22=P2(X) 
SZZ=Sz(Y) 
1=0 
5 T1=H*F(Y,S) 
T2=H*F«Y +H/2),(S+ Tl!2» 
T3=H*F«Y +H/2),(S+ T2!2» 
T4=H*F«Y +H),(S+ T3» 
S=S+(Tl+2*(T2+T3)+T4)J6 
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Sy=-P(S)/cos 
Y=Y+H 
X=5*Y-12.5 
P22=P2(X) 
SZZ=Sz(Y) 
I=I+1 
IF(Y -12.5) 80,90,90 
80 IF«S-Sy)-P22) 5,5,20 
20 CHANG=X 
P1=(2.0*S-(1.0+2*a/(v*fri*(Y-a»)*P2(X»/ 
c(l.0/cos-(2 *a *( cot -fri) )/( v*fri * (Y -a)*cot» 
30 W1=H*FT(Y,P1) 
W2=H*FT«Y +H/2),(P1 + Tl/2» 
W3=H*FT«Y +H/2),(P1 + T2/2» 
W4=H*FT«Y +H),(P1 + T3» 
P1=P1+(W1+2*(W2+W3)+W4)/6 
Y=Y+H 
X=5*Y-12.5 
S=«1.0+2*a/(v*fri*(Y-a»)*P2(X)+ 
c(1.0/cos-(2*a*(cot-fri»/(v*fri*(Y-a)*cot»*P1)*0.5 
I=I+1 
Sy=-P1/cos 
P22=P2(X) 
SZZ=Sz(Y) 
IF (Y -12.5) 30,40,40 
40 FORCE=(2*a*(bb-a)*(-«IHm)/v)*PO(Y,P1)+ 
cP2y(Y)+Pl!cos) )/( -1000000) 
FORCEL=4*a*(-tm*bb*PO(y,P1)/v+P2y(Y)*bb+ 
cO.5*( -(I-tm)/v*PO(Y,P1)-
cP2y(Y)+ P l!cos )*bb*(bb-2 *a)/(bb-a»/( -1000000) 
FE=21.89049-0.05772*T-0.OOO39*T**2.0 
DIFF=ABS(FORCEL-FE) 
IF(DIFF-DIFF2) 45,45,55 
45 DIFF2=DIFF 
fri2=fri 
FORCE2=FORCEL 
55 fri=fri+O.01 
IF(fri-0.5) 35,35,15 
233 
15 WRITE(6,60)T,fri2,DIFF2,FORCE2,FE,CHANG 
60 FORMAT(IX,"T=",I3,2X,"f=",F5.3,2X,"DIFF=",F5.2,2X, 
c"FC=" ,Fl OA,2X,"FE=" ,FI0A,2X, "C=" ,F5.2) 
90 T=T+5 
70 CONTINUE 
CLOSE(6) 
STOP 
END 
8.2.3 EXPANSION FISH·TAIL DIE 
INTEGERT 
P2(y ,SX)=«( -COS( 4.5739213*(3.14/180» )*(SO*EXP(-O.O 18* 
c(T-25»»/(comp-l.0+«fri*(30.0-5.0*Y»/(2.0*Y»»-SX+SX 
PI (SX)=( (-COS( 4.5739213*(3.14/180» )*(SO*EXP( -0.018* 
c(T-25»-SX»/( comp-l.0) 
E 1 (y ,SX)=(2*(3-Y)* SX +(1 + 12.5*fri)* (6-Y)*Pl (SX»/( (-6+ Y)*Y) 
E2(y,SX)=(2*(3-Y)*SX+(1 + 12.5*fri)*(6-Y)*P2(Y,SX»/« -6+ Y)*Y) 
Szl (Y,SX)=(fri*( -5.0*Y + 30.0)*Pl (SX)/( -COS( 4.5739213*3.14/ 
c180»)/(2.0*Y) 
Sz2(Y,SX)=(fri*(-5.0*Y + 30.0)*P2(Y ,SX)/( -COS( 4.5739213*3.14/ 
c180)))/(2.o*y) 
OPEN(6,FlLE="DIE3TUH",STA TUS="NEW") 
H=O.OI 
comp=O.0945 
SO=28000.0 
60 WRITE(6,2) H,SO,comp 
2 FORMAT(5X,"H=",F4.2,5X,"SO=",F7.1 ,5X,"comp=",F6A) 
T=20 
90 fri=O.O 
DIFF2=20.0 
40 Y=1.0 
SX=O 
1=0 
ZZ=Szl (Y,SX) 
5 T1=H*El(Y,SX) 
T2=H*El«Y+H/2), (SX+T1/2» 
T3=H*El«Y+H/2), (SX+T2/2» 
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T4=H*E1«Y+H), (SX+T3» 
SX=SX+(T1+2*(T2+T3)+T4)/6 
Y=Y+H 
1=1+1 
ZZ=Szl(Y,SX) 
IF(ABS(SX)-ABS(ZZ» 5,5,20 
20 CHANG=Y 
80 W1=H*E2(Y,SX) 
W2=H*E2«y+H/2), (SX+Wl/2» 
W3=H*E2«y+H/2), (SX+W2/2» 
W4=H*E2«y+H), (SX+W3» 
SX=SX+(W1 +2*(W2+W3)+W4)/6 
Y=Y+H 
1=1+1 
ZZ=Sz2(Y,SX) 
IF(Y-5.0) 80,30,30 
30 FORCEC=SXI(-10000.0) 
FORCEE=31.95563+0.02887*T-0.00133*T**2.0 
DIFF=ABS(FORCEC-FORCEE) 
IF (DIFF-DIFF2) 25,25,35 
25 DIFF2=DIFF 
fri2=fri 
FORCEC2=FORCEC 
CHANG2=CHANG 
35 fri=fri+D.01 
IF (fri-0.5) 40,40,45 
45 WRITE(6,lO) T,fri2,FORCEC2,FORCEE,DIFF2,CHANG2 
10 FORMAT(lX,"T=",I3,2X,"f=",F5.3,2X,"FC=",F5.2,2X,"FE=",F5.2, 
c2X,"DIFF=",F5.2,2X,"C=",F5.2) 
T=T+5 
IF(T-150) 90,90,50 
50 CLOSE(6) 
STOP 
END 
235 
, 
